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APPENDIX A: CURRENT AND FUTURE TECHNOLOGIES 











Scientific explorations at nanometer regime provide the fundamental 
platforms that enable next generation magnetic data recording technologies. 
One extreme example is the hard disk drive (HDD) system. In order to support 
the continuous growth of the areal density, recent HDDs achieved head-disk 
mechanical spacing or fly height (FH) of sub-5 nm using thermal fly-height 
control (TFC) technology. At such ultra-low FH, various interactions such as 
the van der Waals force (FvdW), the electrostatic force (Fes), the meniscus force 
(Fm), the contact force (Fc) and the friction force (Ffriction) affect the air-bearing 
stability and hence require detailed studies. In addition, future head-disk 
interface (HDI) scheme, in particular, the lubricant surfing scheme, was 
proposed and explored as one of the options to further reduce the head-disk 
spacing. Major challenges to enable the surfing scheme include 1) the ability 
to transit steadily from the near-contact flying state to the light contact surfing 
state; and 2) the ability to detect the stable lubricant surfing state, which 
presumably exists in a narrow operating window of several angstroms between 
the contact bouncing state and the stable sliding state. 
In this project, atomically-spaced HDI systems were configured and 
constructed to study the head-disk interactions, and to identify critical 
parameters that affect the stability of the system at near-contact and contact 
states. An electrostatic force manipulation (EFM) methodology was proposed 
for high resolution and high sensitivity head-disk interactions monitoring. The 




was found that an oscillating electrostatic force can be applied across the HDI 
by supplying an AC voltage to the heater element of the TFC slider. The 
amplitude of the electro-dynamically excited 1
st
 harmonic peak was found 
related to the force stiffness and hence able to monitor interactions of the 
atomically-spaced HDI with high resolution and sensitivity. The methodology 
was employed to study the interfacial topography effects on head-disk 
interactions at near-contact and contact regimes in order to suggest topography 
requirement for stability improvement. Further investigation of the EFM 
methodology revealed the observation of the disk rotational frequency related 
sidebands around the excited 1
st
 harmonic peak during head-disk contact. The 
sideband amplitude was found sensitive to different HDI contact regimes, 
including the stable lubricant surfing regime. Based on the observation of the 
sideband amplitude, it was found that the stable lubricant surfing regime exists 
for atomically smooth interface. The stable regime occurs at the transitional 
state between intermittent slider-lubricant contact and solid-solid contact. 
Discovery and confirmation of the stable lubricant surfing regime push the 
implementation of the future lubricant-surfing scheme closer to reality. 
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In this chapter, the motivation and the objectives of the current thesis 
will be introduced. Summary of the important contributions of the current 
thesis will be given, followed by the organization of the thesis.  
1.1 Motivation 
Research efforts in nano-science and nanotechnology have grown 
exponentially worldwide in the past two decades. The potential of 
nanotechnology, which involves understanding and control of matter with at 
least one of its three dimensions smaller than 100 nanometers (nm), is 
apparent in various fields [1, 2]. The attractiveness of transitioning into nano-
scale technology is not solely based on the benefits of scalability, in which 
properties and functions do not change significantly with size, but a transition 
that differs from condensed matter behavior to atomic and molecular 
properties, where properties and functions of materials change qualitatively or 
quantitatively by orders of magnitude. The acceleration of nanotechnology 
development in multidisciplinary field in recent years is largely due to the 
advancement in instrumentations that allows for visualization, characterization 
and manipulation of nano-scale systems [3]. During the progressive 
advancement of instrumentation, more novel and surprising phenomena were 
discovered at nano-scale regime.  
Continuous progress in nanotechnology excites the goal to develop 
functional devices to operate at the nano-scale regime. One extreme example 
is the computer hard disk drive (HDD) system. HDDs are used in almost all 
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computer systems to store information such as the boot operation, the 
operating system, the applications and user data. With the rise of social and 
mobile computing today, worldwide users demand exa-bytes of digital 
storage, and the total demand is expected to grow aggressively towards zetta-
bytes in 2016 [4]. The HDD system is one of the major solutions to such high 
demand in digital storage. Today, a HDD system packs close to terabits of 
data per square inch area using magnetic recording principles.  
1.1.1 Hard Disk Drives 
The principles of magnetic recording were first described by Oberlin 
Smith in 1878 [5], and a device based on such principles was introduced by 
Valdemar Poulsen. The first magnetic HDD, named 305 RAMAC (Random 
Access Method of Accounting and Control) was introduced by International 
Business Machines (IBM) in 1956 (see Fig.1.1). The HDD system was made 
up of fifty spinning disks 600 mm in diameter and gives an overall capacity of 
3.75 megabytes (MB). The areal density, which is the product of track density 
and bit density, was then 2000 bits/in
2
. Due to the competitive and volatile 
nature of the industry, recent HDDs have evolved significantly from the 305 
RAMAC. Fig.1.2 shows a recent HDD. It consists of one or more spinning 
disks as the recording media. The spindle is driven by a DC brushless fluid 
bearing motor and spinning at the speed of 3600 RPM up to 15,000 RPM. A 
corresponding stack of head gimbal assemblies (HGAs), which consist of a 
slider-head attached to a suspension, are mounted to a comb-like structure, 
called the E-block. At the other end of the E-block is the “voice-coil” motor 
(VCM) that rapidly move the heads radially to different track on the spinning 
disk for write or read operation. During the write or read operation, the slider, 
1. Introduction   
3 
 
in which the write/read elements are embedded in, is flying steadily in close 
proximity to the disk, with a self-acting air-bearing provided by the viscous 
flow of the spinning disk. All these components are assembled into a 
rectangular metal casing called the head-disk assembly (HDA), and the HDA 
is covered with a flat metal top cover. A flex cable connects the write/read 
heads to the pre-amp, and is then connected to a printed circuit board (PCB) at 
the bottom of the HDA via a connector. 
Today’s HDD achieves areal density as high as 735 Giga-bit/in2 (Gb/in2) 
(as of July 2013) [6]. This suggests an average compounded growth rate of 42% 
per annum for over 56 years. At the same time, it was found that over the past 
30 years, the cost per gigabyte had gone down tremendously. As shown in 
Fig.1.3, the cost per gigabyte has dropped from the average values of USD 
$437,500/Giga-Byte (GB) in the early 1980s down to USD $0.05/GB recently. 
The low cost per gigabyte is one of the important factors that allow HDD to 
stay competitive and become the preferred device for mass data storage. 
Historically, it was the aggressive areal density growth that supported such 
competitive pricing for HDD. 
 
Fig.1.1 The 1st HDD system, 305 RAMAC, was announced in 1956 by IBM [7] 




Fig.1.2 Components of a typical HDD 
 
 
Fig.1.3  Cost per gigabyte trend of HDD since 1980 (plotted from source [8]) 
 
1.1.2 Areal Density Growth 
The tremendous increment of the HDD capacity is attributed to various 
critical technologies and inventions, as a result of both clever engineering 
solutions and also in-depth discovery and understanding of fundamental 
science. The areal density growth chart is shown in Fig.1.4, with the major 
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head and media were observed over the years. (Kindly refer to Appendix A for 
a review of the evolutions of HDD from magnetic perspectives). 
 
Fig.1.4 Areal density evolution of HDD and significant milestones (plotted from source [5] 
and [9]) 
 
Along with the advances of the magnetic related components, 
improvements of the HDI design that allow reduction of the head-media 
spacing (HMS) play a significant role in sustaining the areal density growth 
[9]. Based on reciprocity principle, and consider a single read-back transition; 
the read-back spectrum is given by 
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where µ0 is the permeability of free space, v is velocity, W is track width, Mr is 
magnetization of medium, δM is magnetic medium thickness, Hg is gap field, g 
is reader gap width, i is current in head coil, k is wavenumber, d is HMS, and 
a is the transition parameter. It is noted that the spacing loss term, e
-k(d+a)
, 
plays an important role in the read-back signal strength. Hence the main 

















































1. Introduction   
6 
 
transition parameter, a. Based on the Williams-Comstock Model [10], the 
transition parameter, a, which is equal to half the length of the transition zone, 
can be described as [11], 
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 is the squareness of media hysteresis, δM is the thickness of the 
magnetic layer of the magnetic media, d is the HMS, and Qh is a constant 
related to head geometry, Mr is the remanent magnetization of the magnetic 
disk media, and Hc is the coercivity of the magnetic disk media, respectively. 
It is noted that the possible directions to reduce a are by  
1) increasing the coercivity Hc;  
2) tuning Mr;   
3) reducing δM and  
4) reducing d.  
Among the parameters, reducing d is the more feasible solution as it is not 
constrained by other magnetic related concerns [11].  
Although the most desirable head-disk configuration, from magnetic 
signal strength viewpoint, is to have the magnetic slider head in contact with 
the magnetic medium (d = 0), such configuration produces undesirable wear 
and materials interactions under a dynamic situation. Hence flying recording is 
the only feasible solution to prevent contact induced wear. The self-acting air-
bearing was employed to maintain a constant spacing between the head and 
the medium. On the reliability standpoint, both the slider and the disk are 
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coated with a layer of diamond-like carbon (DLC) to ensure wear resistance 
[12], and a monolayer of lubricant is dip-coated on the disk for boundary 
lubrication [13]. Both the physical mean-plane spacing between the head and 
the media and the coatings’ thicknesses contribute to the total magnetic 
spacing or HMS. The goal for the HDI researchers is to continuously push for 
even smaller HMS, while sustaining the overall stability of the interface to 
ensure good write/read performance.  
Fig.1.5 illustrates the spacing reduction over the years, and the estimated 
spacing for the delivery of the higher areal density in the future. Today’s HDD 
achieves HMS of sub-10 nm, with the physical clearance of less than 2 nm 
[14]. Such system provides exciting and tremendous scientific opportunities to 
be explored in the nanometer regime.  
 
Fig.1.5 Historical variation of HMS versus areal density [9]. The yellow star is an 
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1.1.3 Challenges of HMS reduction 
The HMS had been reduced significantly from about 20 µm of the 1
st
 
generation HDD, to sub-10 nm recently [9]. At nano-meter spacing, the 
stability of the head-disk interface (HDI) system is strongly affected by 
various interactions [15-18] such as the air-bearing force, short-range adhesive 
forces, contact forces, friction force and meniscus force. The system becomes 
highly non-linear due to the interactions [19, 20] and hence detailed 
understandings and considerations of all these interactions are critical to 
ensure a reliable HDI. The studies of the HDI system are further complicated 
by phenomena such as the lubricant washboard effect [21], lubricant transfer 
[22], and the topography effects [23]. They are all related to the strong 
adhesive interactions at ultra-small spacing.  
As the HDD areal density approaches 4 Tb/in
2
, estimated HMS of 4-5.6 
nm is required [9]. Based on this estimation, the head-disk physical clearance 
has to be in the sub-1 nm regime [9]. To achieve such stringent requirement, 
several key challenges need to be addressed:
 
1. Glide avalanche (GA) reduction 
Glide avalanche (GA) is defined as the lowest slider fly height (FH) 
above the mean-plane with no significant head-disk contact. There are 
two contributors to GA: 1) Intrinsic slider and disk topography [24], 
and 2) lubricant roughness arising from thermal capillary wave [25], 
shear induced (Couette) flow, and pressure gradient induced 
(Poiseuille) flow [26]. As such, the efforts of GA reduction largely 
focus on slider and disk roughness improvements, and lubricant 
stability improvement. As the determination of GA depends on the 
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sensitivity and resolution of the head-disk contact detection system, 
there is a continuous demand for new and innovative detection 
methodologies that provide better resolution and sensitivity.  
2. Head fly stability improvement 
An air-bearing slider is able to fly steadily under the balance of the 
suspension pre-load force (Fload) and the air-bearing force. As FH reduces 
to sub-5 nm, various adhesive forces (Fad), such as the electrostatic force 
(Fes) and the van der Waals force (Fvdw), will interfere with the air-bearing 
force (Fabs) and affect slider fly stability [27, 28]. In addition, intermittent 
contacts of slider and disk are unavoidable as FH reduces. The contact 
force (Fc) and the friction force (Ffriction) will also affect the slider fly 
stability [29]. The interactions mentioned above, as illustrated in Fig.1.6, 
produce complex non-linear behavior at near-contact and contact regimes 
[20]. The non-linear behavior of the head-disk interface (HDI) system 
need to be fully studied and understood in order to provide solutions to 
long-term fly stability. 
3. New head-disk interface schemes 
Current HDI scheme consists of an air-bearing slider-head flying on top of 
a spinning disk with nanometer spacing. As observed in equation (1.1), the 
most desirable configuration, from magnetic viewpoint, is to have the 
magnetic slider-head in contact with the magnetic disk-medium. Due to 
this reason, contact recording was proposed and investigated in the past 20 
years [30]. The contact recording scheme did not really take off due to 
excessive wear produced by long-duration head-disk contact [31].  
 




Fig.1.6 Interaction forces acting on slider at near-contact regime 
 
Recently, thermal fly-height control (TFC) technology allows a small 
surface area of slider trailing region to be protruded closer to the disk 
surface with angstrom level protrusion resolution [32, 33]. The 
advantages of this technology revoked interest in lubricant-contact 
recording [34]. In particular, a new recording scheme called lubricant 
surfing scheme was proposed by Liu et al. [35]. Instead of the 
conventional scheme of slider-head flying on top of the spinning disk, 
the recording scheme involves write/read operations with a small area 
of protrusion being sub-merged into the disk lubricant layer. This 
potentially allows for further reduction in spacing, but prevents 
excessive head-disk wear as negligible or very minor solid-solid 
contacts are involved. Some preliminary studies on lubricant surfing 
were reported recently [36-38], but more works in this area are 























In view of the background of the HDD system and the significant benefits 
and challenges to reduce the HMS, the objectives of the thesis are listed below: 
 To configure, construct and characterize atomically-spaced head-disk 
systems for HDI studies; 
 To study the stability of the constructed HDI systems at near-contact and 
contact regimes; 
 To develop a methodology capable of detecting different head-disk 
interaction regimes at near-contact and contact conditions with high 
sensitivity and resolution; 
 Based on the constructed HDI and newly developed methodology: 
o study the head-disk interactions at near-contact and contact regimes 
o identify and characterize the narrow lubricant surfing regime based 
on the developed sensing methodology 
 
1.3 Thesis Highlights 
The important contributions of the current works can be summarized as below: 
1. Successful configuration and construction of the atomically smooth 
interface systems allow studies of the slider dynamics at near-contact 
and contact regimes and identifications of the fundamental reasons for 
unstable contact bouncing. Based on the understanding, the magnitude 
of the contact bouncing can be significantly reduced. The reduction of 
the contact bouncing minimizes catastrophic damages of the head and 
disk, and allows smooth transition from flying state to surfing state. 
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2. Detailed explorations of the Electrostatic force manipulation (EFM) 
methodology, including constructions of equivalent circuits and studies 
of the effects of manipulating electrostatic force at different area of the 
slider, were carried out to facilitate proper configurations of the setup 
for effective sensing of the head-disk interactions. 
3. Based on the EFM methodology, interfacial roughness effects on head-
disk interactions were studied. The studies provide insights of the 
potential issues of future atomically smooth interface. Such insights are 
also critical for the future implementation of the lubricant surfing 
scheme. 
4. A slider-disk contact detection methodology was developed as the 
extension of the EFM methodology. Sidebands related to disk 
rotational frequencies were discovered around the electro-dynamically 
excited 1
st
 harmonic peak. The sideband magnitude was found 
sensitive to various head-disk contact regimes. A stable lubricant 
surfing regime was discovered based on the methodology. Topography 
requirements for the existence of the surfing regime were identified, 
and the wear assessments of pro-longed surfing were performed. The 
newly developed methodology can be implemented in the HDD with 
minor modifications. For example, modifications of the head internal 
circuit to deliver DC+AC power to the heater element.  
 
1.4 Organization of Thesis 
This thesis is organized into eight chapters, with their contents 
summarized as below: Chapter 1 provides the introduction, motivation, and 
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objectives of the project, followed by summary of the important contributions 
and the organization of the thesis. Chapter 2 gives an overview of the 
important components of the HDI and the detailed literature review of the 
tribological studies related to HDI. Chapter 3 gives an overview of the 
experimental setups and metrologies used in various experiments conducted in 
the current project. The process parameters and characterizations of the in-
house fabricated disk samples will also be given. Chapter 4 describes the 
studies on the HDI stability at near-contact and contact regimes. Chapter 5 
describes the principles and mechanisms of the electrostatic force 
manipulation (EFM) methodology, which is the basis of the techniques used in 
the thesis to study head-disk interactions and to determine the head-disk 
contact regimes. Chapter 6 studies the head-disk interactions at near-contact 
and contact regimes using the EFM methodology. Chapter 7 introduces a 
novel head-disk contact detection methodology using sidebands of the 
electrostatic force excited signal. Based on the methodology, the slider-
lubricant contact regimes can be determined. Feasibility of the lubricant 
surfing is studied. Chapter 8 will conclude the thesis with future 
recommendations. 
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2 REVIEW ON THE TRIBOLOGICAL STUDIES OF HEAD-
DISK INTERFACE 
_______________________________________________________________ 
In view of the importance of head-disk interface (HDI) studies in 
supporting the growth of HDD areal density, the current chapter will introduce 
the background, design challenges, and evolutions of the HDI components. 
The advancement of the HDI relies on the fundamental understanding of the 
tribological aspects of the system. This chapter will explain in detail the 
principles of these aspects and relates them to HDI applications. The contents 
reviewed in the current chapter will serve as the foundation of the various 
works discussed in the subsequent chapters. 
 
2.1 Terminologies for Head-Disk Interface 
Commonly used HDI parameters and their definitions are illustrated in 
Fig.2.1. The nominal fly height (FH) is defined by the nominal distance 
between the mean plane of the slider surface and the mean plane of the disk 
surface [13]. The spacing between the mean-plane surface of the magnetic 
write/read elements (magnetic read/write head) and the mean-plane surface of 
disk's magnetic layer is called the head-media spacing (HMS) [9]. It is the 
effective magnetic spacing that consists of the thicknesses of various 
protective layers and the nominal FH. The absolute head-disk clearance is 
referred as the distance between the lowest asperities of the slider and the 
tallest asperities of the disk with respect to the mean plane [39]. As today’s 
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contact detection technology is not possible to detect single asperity contact, a 
separate term called the effective head-disk clearance is defined as the margin 
in FH between nominal operation and contact between the head and the disk 
[9]. Hence the effective head-disk clearance is dependent on the sensitivity 
and the threshold values set by the contact detection system. The difference 
between the FH and the effective clearance is called the glide avalanche (GA). 
This is also sometimes referred to as the minimum safe FH. Apparently, the 
definition is also dependent on the sensitivity of the contact detection system.  
 
Fig.2.1 Common spacing definitions of HDI 
 
2.2 Components of Head-Disk Interface 
Due to the complex interactions occurring at the nanometer interface 














Disk surface mean plane
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Tribology is defined as the science and technology of interacting surfaces in 
relative motion and of related subjects and practices. The tribological studies 
are multi-disciplinary and include various fields such as interfacial science, 
fluid dynamics, contact mechanics, material science, lubricant chemistry and 
instrumentation. In the current section, introduction of the critical components 
of the HDI and their state-of-the-art designs will be given. In the next section, 
the tribological aspects of the HDI will be discussed. 
2.2.1 Air-bearing Design 
The slider carries the magnetic write/read elements and is supported by 
an air-bearing that is generated by the viscous flow between the rotating disk 
and the air-bearing surface (ABS) of the slider. The self-acting, hydrodynamic 
air-bearing was first introduced in a disk file development in 1955. The 
concepts, originated by Jake Hagopian, were improved by researchers such as 
Bill Gross, Ken Haughton and Russ Brunner, and implemented in the 1301 
disk file in 1962 [5]. The self-acting, hydrodynamic air-bearing is employed 
due to several advantages: 
1) The ability to follow the disk topography down to nanometer-level 
under highly dynamic conditions; 
2) The ability to overcome the installation precision of micrometer-level 
and translate to nanometer-level precision at the interface; 
3) The ability to avoid solid contact between the slider and the disk and 
hence allow for high speed application; 
4) The acceptable cost for mass produce. 
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The dimension of the slider decreased significantly over the years, as is 
shown in Fig.2.2. The advantages of having a smaller slider include higher 
productivity, smaller loading force, better track seeking performance, 
possibility of spacing reduction and better topography following due to higher 
natural frequencies. To date, the so called "femto-slider" is having a dimension 
of 0.85 mm (L) x 0.70 mm (W) x 0.23 mm (H), which is about 20% the size of 
the mini slider in early 1980s. It is noted that the pemto form factor (1.25 mm 
(L) x 0.7 mm (W) x 0.23 mm (H)) [40] was also introduced slightly after the 
Femto slider, as the increased slider length improves the air-bearing stiffness 
at ultra-low FH. 
 
Fig.2.2 Evolution of slider design and its scalability [41] 
 
As the slider size scaled down over the years, it is observed that the ABS 
design had also changed significantly. The first ABS design shown in Fig.2.2 
is the three rail design. The air-bearing was formed underneath the two outside 
rails, while the center rail was to support the write/read elements. The three-
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rail design was soon replaced by the micro form factor two-rail slider. As the 
write/read elements were placed at the outside rail in this design, instability 
was found due to the transverse air flow, and was later improved by the 
transverse pressure contour design that used tapers and steps to provide 
converging channels and hence improved overall pressure distribution. The 
nano form factor slider was introduced in the 1990s with the ABS design 
reverted back to the three-rail design to allow placement of the write/read 
elements at the center of the slider to reduce the effects of roll motion. The 
design was later improved by reducing the area of the center rail to a small pad 
at the trailing region, and this eventually evolved into the “tri-pad” design. 
Another significant milestone of the ABS design is the negative pressure 
slider, which was first introduced in the 1990s [42, 43]. The design utilizes a 
recessed area, called cavity, to generate the negative pressure that reduces the 
total load on the air bearing generated by the positive pressure areas and thus 
produces constant FH across the inner and the outer diameter of the disk. The 
negative pressure sliders are used exclusively in today’s HDD. 
2.2.2 Diamond-Like Carbon (DLC) Overcoat 
As thin film media phased in during the early 1980s, research for 
durable and corrosion-resistive overcoats were in pursued [44]. Ideally, the 
overcoat should be as thin as possible, smooth, wear resistant, and dense. King 
evaluated diamond-like carbon (DLC) overcoat in 1981 and found sufficient 
durability [45], which led to subsequent research efforts towards implementing 
DLC overcoat in both the disk media and the slider head [12, 46-52]. Since 
then DLC has been the undisputed choice for overcoat. Carbon forms a great 
variety of crystalline and disordered structures because it is able to exist in 









 [53]. DLC is a metastable form of 
amorphous carbon with significant fraction of sp
3
 bonds. It was shown that the 
hardness and density of the DLC films are proportional to the sp
3
 content [54], 
and the properties of the DLC are highly dependent on the deposition 
techniques used (see Fig.2.3) [55]. 
 
Fig.2.3 Various DLC deposition techniques: (a) PECVD; (b) PVD; (c) FCVA; (d) IBD; (e) 
FTS [55, 64] 
 
Today’s HDD media has hybrid DLC layers comprising of lower 
hydrogenated carbon layer (a-C:Hx), deposited using the Plasma-Enhanced 
Chemical Vapor Deposition (PECVD) process [56, 57], followed by a top 
nitrogenated carbon layer (a-C:Nx), sputtered using Plasma-Vapor Deposition 
(PVD) reactive sputtering in Ar/N environment [58]. The top a-C:Nx layer 
assists in bonding with the Perfluoropolyether (PFPE) lubricant [59, 60]. Such 
bonding is critical to ensure slider flyability performance. Currently, the a-
C:Hx and the a-C:Nx layers contribute to a minute total thickness of 2-3 nm. 
The slider head is currently coated with about 2 nm of DLC, deposited using 
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the Filtered-Cathodic Vacuum Arc (FCVA) system [50], which gives 
tetrahedral amorphous carbon (ta-C) of very high sp
3
 content [61, 62]. The 
purpose of the DLC on slider head, on top of the durability and corrosion-
resistant requirements, is also to prevent catalytic decomposition of the PFPE 
lubrication when in contact with Al2O3-TiC of the slider body [63].  
 
Fig.2.4 Corrosion mechanisms of magnetic disk through pin holes of DLC 
 
Another critical function of the DLC overcoat is to provide sufficient 
coverage for corrosion protection. The corrosion mechanism involves 
oxidation reaction and reduction reaction, which take place whenever there is 
a direct access of environment and there is an electronic path to facilitate 
charge transfer (see Fig.2.4) [51, 65]. As overcoat thickness reduces to sustain 
the HMS reduction, the oxidizing agents could channel through the molecular-
size openings, usually called “pinholes”, and form corrosion product. The 
“pinholes” density is related to the film density. The density of a typical 
hydrogenated carbon is in the range of 1.6 – 2.2 g/cm3 [53]. To improve the 
density further, deposition techniques with ability to render carbonic species 
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with higher impact energy, such as the ion-beam deposition (IBD), the facing-
target sputtering (FTS) and the FCVA are being considered [61-62, 64, 66]. 
However, such high impact energy deposition techniques will usually result in 
thicker dead-layer which affects the magnetic spacing [62]. It is also noted that 
the FCVA deposition comes with macro-particles due to its arcing process 
nature, and this will affect the flyability performance [50]. Various filtering 
techniques and increasing the filter bends were explored to resolve the issue 
[61]. 
2.2.3 Perfluoropolyether (PFPE) Lubricant 
The history of lubrication on the disk media rooted from the design of 
Winchester disk in early 1970s, when a thin layer of silicone oil was spread on 
top of the particulate disk to reduce wear problem resulted from in-contact 
start and stop [58]. The lubricant requirements of rigid disks are lower surface 
tension, good boundary lubrication, mobility, good surface affinity, low 
volatility and good thermal and chemical stability [67]. Perfluoropolyether 
(PFPE) lubricant was introduced into HDD since 1973 due to its thermal and 
oxidative stability, lower volatility, lower surface tension and better boundary 
lubrication [68]. Z-dol and Z-tetraol are the commonly used PFPE lubricants 
for HDD [69]. The chemical structures of Z-dol and Z-tetraol are, 
Z-dol:   HO-CH2-CF2-O-(CF2-CF2-O)m-(CF2-O)n-CF2-CH2-OH 
Z-tetraol:  HO-CH2-CH(OH)-CH2-O-CH2-CF2-O-(CF2-CF2-O)m-
(CF2-O)n-CF2-CH2-O-CH2-CH(OH)-CH2-OH 
where the ratio of m/n is about 2/3 for both Z-dol and Z-tetraol. Those 
functional PFPE lubricants exhibit a structure where the polar (hydroxyl) end-
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groups (-OH) attach themselves to the disk DLC overcoat surface through 
hydrogen bonding. As the thickness is increased, the lubricant chains 
randomly coil up until de-wetting occurs [70]. The de-wetting thickness limit 
is related to the molecular weight of the lubricant. Little is understood of the 
dissipation behavior of the functional PFPE lubricants. It was found that ultra-
thin lubricants exhibit semi-solid characteristics when subjected to a high 
shear rate during contact sliding [71]. Karis et al. studied lubricant spin-off 
from the rigid disks and found that lubricant viscosity exhibits an exponential 
rise at low thickness [72]. Scarpulla et al. found a two-layer characteristic, 
with a “bonded” layer of 20-100 times the bulk viscosity covered by a 
“mobile” layer 2-10 times the bulk viscosity [73]. Historically, the general 
assumption is that the viscous behavior results in a chemically “bonded” layer 
of infinite viscosity covered with a “mobile” lubricant film with a viscosity 
matching the bulk value. It was observed that increasing number of polar end-
groups (-OH) in the PFPE chain, magnified the substrate-lubricant interactions 
and hence increases effective surface viscosity [74]. The chemical structures 
of the Z-dol lubricant consists of two polar end groups (-OH), while the Z-
tetraol lubricant has four polar end groups. Hence the Z-tetraol lubricant is 
found to have higher bonding strength to the DLC overcoat, and is used for 
most of the recent HDDs. To further enhance the bonding strength, A20H is 
used as additive to the Z-tetraol lubricant as its cyclo-triphosphazene end-
group enhances lubricant bonding to the DLC [75, 76]. Recently multi-dentate 
lubricant was evaluated and found to have better lubricant stiffness, resulting 
in the reduction of the dynamic lubricant roughness effect [77, 78]. 
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It was shown that roughness of the lubricant films limits head-disk 
spacing. From static view point, the capillary wave contributes about h+3σ 
roughness to the spacing [25]. While from dynamic view point, shear-induced 
(Couette) flow and pressure gradient-induced (Poiseuille) flow causes locally 
redistribution of lubricant film according to disk topography [79], or slider 
natural frequencies [37]. It is proven that at certain critical FH, lubricant 
transfer from the disk to the slider is possible [22]. The above phenomena is 
believed to be related to the strong interactions between the slider and the disk 
at small head-disk spacing that overcome the disjoining pressure between the 
lubricant and the DLC and causes lubricant instability [80]. Bruno et al. 
theoretically defined a critical FH where such lubricant instability can occur 
[81]. Mate et al., on the other hand, show that such lubricant pickup causes 
spacing increase at head-disk interface [82].  
2.2.4 Thermal Fly Height Control (TFC) Technology 
Thermal Fly-height Control (TFC) is the recent technology that enables 
large portion of the slider-body to fly at relatively large spacing (usually 
around 10 to 15 nm), while allowing the write/read elements to be protruded 
down thermally to a lower spacing (see Fig.2.5). The thermal protrusion 
phenomenon was initially discovered as a disadvantage to HDI [83], but was 
later used favorably [32, 84], by employing the concept proposed by Naoyuki 
et al. [85]. The relatively simple concept of metal structure having a larger 
coefficient of expansion as compared to the slider substrate, was utilized for 
the TFC technology. The thermal protrusion, when placed cleverly around the 
write/read element, reduces the elemental FH, which is the mean-plane 
spacing between the write/read elements and disk surface, and improves the 
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write/read performances. The TFC technology resolves several critical issues 
faced by the nm-spaced HDI: 
I. As the area that is close to the disk surface is limited to the protrusion 
bulge, the instability caused by strong interactions of the adhesive 
forces and intermittent contact force is greatly reduced. 
II. With the write/read elements protruded out during operation, the static 
FH loss issues such as the pole-tip protrusion are avoided. 
 
Fig.2.5 Schematic plot for a typical TFC slider head [86] 
 
Various parametric studies based on simulations and experiments were 
conducted to improve the TFC technology in terms of high actuation 
efficiency [87], fast response time [88], effective protrusion shape for 
maximum write/read performance [89], and minimum temperature rise in 
sensor [88]. The nonlinearity of the TFC actuation due to the increasing air-
bearing stiffness and cooling effect was reported [90]. Due to the reduced area 
of contact, the contact phenomena of the TFC slider are studied and modeled 
[20, 91-92]. In view of the head-disk reliability concerns due to multiple 
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contacts at different disk zones during the TFC power calibrations at HDD 
level, the studies of the TFC contact are also critical for the future 
implementations of contact detection systems with better sensitivity and 
resolution. With reduced area of contact and angstrom level spacing 
resolution, the contact recording scheme was revoked and studied with the 
TFC slider [34]. 
 
2.3 Tribological Aspects of Head-Disk Interface 
The slider is designed to operate under hydro-dynamic lubrication 
during flying, while the disk lubricant is designed to provide boundary 
lubrication. As FH reduces to sub-3 nm, various adhesive forces start to affect 
slider fly stability. In addition, intermittent contacts of the slider and the disk 
are unavoidable as FH reduces. It is noted that the adhesive forces acting on 
the interface and the behavior of contact depend on the interfacial roughness. 
The current section will cover the principles of lubrication, surface roughness 
characterizations, origin of various nano-spaced interactions, and introductions 
to different contact models. 
2.3.1 Lubrication 
Lubrication plays an important role in reducing friction and wear of 
sliding surfaces, and has significant economic impacts in various industries 
[93]. The principle of lubrication involves the introduction of a layer between 
sliding surfaces to lower the shear strength. The mechanism of lubrication 
changes with the sliding conditions and is illustrated by the Stribeck curve (see 
Fig.2.6) [94].  




Fig.2.6 Stribeck curve. Lubricant is operating under boundary lubrication region, while slider 
air-bearing is operating under hydrodynamic lubrication regime [93] 
 
For two surfaces that come close to contact, the sequence of lubrication 
regimes experienced by the interface can be explained as below: 
1. Hydrodynamic lubrication regime: At this regime, the sliding surfaces 
are separated by a continuous film, in which the fluid film thickness is 
sufficient to prevent asperities on the opposing surfaces to make 
contact. 
2. Elasto-hydrodynamic lubrication regime: At very small separation, the 
squeezed lubricant film in this regime provides high localized 
pressures that lead to an enhanced lubricant viscosity and to an elastic 
deformation of the surfaces, delaying the onset of solid-solid contact. 
3. For boundary lubrication regime, the asperities of the sliding surfaces 
are in contact, but the asperity surfaces are covered with a thin layer of 
lubricant molecules that lowers the shear strength.  
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2.3.1.1 Hydrodynamic Lubrication 
As the slider is flying steadily on top of the spinning disk, it is supported 
by a viscous air film and operating under the hydrodynamic lubrication 
regime. The dynamical system of the ABS design can be adequately modeled 
as a three degree of freedom (3-DOF) mass-spring-damper model, as shown in 
Fig.2.7. The equations of motion for the slider constitute to the vertical, pitch 
and roll motion are given as, 
 
  ̈  ∬(    )           ̇ (2.1) 
 
   ̈  ∬(    )(    )           ̇
 ∬        
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   ̈  ∬(    )(    )            ̇
 ∬        
(2.3) 
where m is the slider mass, z is the vertical displacement, θ is the pitch angle, 
φ is the roll angle, K is the stiffness, D is the damping, xg, yg, and zg are the 
locations of the center of gravity of the slider, x and y are the coordinates in 
the slider’s length and width direction, p is the air-bearing pressure, pa is the 
ambient pressure, and τ is the air shear stress. The 1st term on the right hand 
side of equation (2.1) to (2.3) represents the air-bearing force, which must be 
obtained from the solution of the Reynolds equation [95]. The design of the 
air-bearing is basically to obtain simultaneous solution of the equations of 
motion of the slider and the Reynolds lubrication equation, which provides a 
balance between the suspension force and the air-bearing force. Due to the 
complexity of the ABS, common numerical methods such as the finite 
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difference, finite volume and finite element techniques [96-99] are used to 
solve the nonlinear partial differential equations. 
 
Fig.2.7 Dynamical system of the slider air-bearing design 
 
The compressible Reynolds equation used to optimize the geometry of 
the ABS has evolved from the original equation of Sommerfield [100] and 
Harrison [101], which assumed no-slip at solid boundaries. The no-slip 
boundary condition is generally applicable for conditions where the dimension 
in the flow regime is much larger than the mean free path in the flow. For the 
case of ultra-low spacing situation in HDI, the no-slip boundary conditions 
breaks down and slip flow correction terms need to be incorporated in the 
Reynolds equation to include the rarefaction effects. The degree of rarefaction 
is generally quantified by the Poiseuille flow factor, Q. The modified non-
dimensional time-dependent compressible Reynolds Equation is presented as 
  
  










   
   
  
   
   
  
  




where Q is the Poiseuille flow factor, P is the air-bearing pressure, h is the 
spacing, Ʌ is the bearing number, σ is the squeeze number, and t is the non-
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dimensionalized time. The terms at the left hand side of equation (2.4) are the 
diffusion terms, which are derived from the pressure driven Poiseuille flow. 
The first two terms at the right hand side of the equation are the convective 
terms derived from the Couette flow. The last term is the time-dependent term, 
in which it is equal to zero in steady state simulations. Various correction 
factor Q was proposed in the past, they are, in chronological order, by 
Burgdorfer [102], Hsia and Domoto [103], Fukui and Kaneko (FK) [104], and 
Mitsuya [105]. In the current thesis, the FK model was employed in the air-
bearing simulations. This model is suitable for low spacing conditions [104]. 
2.3.1.2 Boundary Lubrication 
For the current HDI, intermittent contacts between the surface asperities 
of the slider and the disk are unavoidable, and such contact events are 
operating in the boundary lubrication regime. The concept of boundary 
lubrication originates from William Hardy in the 1920s [106], and the 
mechanisms were found related to the below: 
1. As the space between the sliding surfaces is reduced to molecular 
dimensions, the liquid lubricant forms layers with oscillations in the 
local density correspond to a molecular dimension to obtain minimum 
energy [107, 108] and gives rise to the solvation force. During sliding 
contact of two opposing surfaces, the solvation forces, superimposed 
by the van der Waals forces between molecular chains and the bonding 
of the end-group to the surface resist penetration of the asperities, 
hence results in lower friction.  
2. Alignment of the liquid molecules during the shearing process and the 
increasing viscosity of the confined liquid film during sliding exhibit 
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non-Newtonian, solid-like behavior due to higher activation volumes 
and activation energies for molecular diffusion through the thin film 
[93]. 
2.3.2 Surface Roughness 
On a microscopic perspective, most surfaces are rough. For a dynamic 
nanometer-scale interface, such as the HDI, the interactions are closely related 
to the surface roughness [28, 109]. Nano-scale roughness is typically 
measured using atomic force microscopy (AFM). For a single profile trace as 
shown in Fig.2.8, a mean height of the trace is obtained in such the area above 
the line is equal to the area below the line. Such roughness parameter is called 
average roughness, Ra, and is defined by 
 
   
 
 





The root-mean-square deviation of z about the mean height is defined by 
 
     
 
 




   
 (2.6) 
For surface with Gaussian distribution, Rq is usually 1.25 Ra. 
 
Fig.2.8 A single surface profile trace of length L, typically normally distributed (Gaussian 
distribution) 
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Other parameters which are important in terms of variation of vertical height 
of a line profile are listed below: 
Rmax/Rt – The vertical height from the lowest valley to the highest asperity  
Rp– The distance from mean height to the highest asperity 
Rv – The distance from mean height to the lowest valley 
The z-height roughness parameters such as Ra, Rq provide information about 
how the surface heights vary from the surface mean. The probability 
distribution can provide information about the overall distribution of a surface. 
For many real surfaces, the height distribution is close to Gaussian 
distribution, and hence the probability distribution can be described by 
knowing the standard deviation, σ. Assuming the roughness values of the 
slider and the disk are Gaussian distributed, relationship of the slider-disk 
interfacial roughness and the achievable mean-plane spacing can be estimated 
by using the roughness probability distributions of the slider and the disk [110, 
111]. As shown in Fig.2.9, slider-disk contact probability can be calculated at 
specific mean-plane spacing, given the probability distributions. 
 
Fig.2.9 Illustration of contact probability calculation assuming Gaussian distribution for both 
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2.3.3 Origin of the intermolecular interactions 
At the molecular level, apart from minor contribution due to gravity, all 
forces acting between atoms, ions, and molecules arise from charge 
interactions. Atoms form molecular units by sharing electrons (covalent-bond) 
or by transferring electrons (ionic-bond). These intramolecular energies are 
usually strong, which typically ranges from 5 – 10 eV per molecule. 
Intermolecular energies are typically not as strong, which arise due to charge 
transfer, electrical multipole-electrical multipole interaction, electrical 
multipole-induced multipole interaction, dispersion interaction and overlap 
interaction. In the context of HDI, dominating interactions include the 
electrostatic forces, the van der Waals forces, and the capillary or meniscus 
force. 
2.3.3.1 Electrostatic Forces 
The origins of the electrostatic forces can be attributed to interactions 
between ions, dipoles and induced-dipoles. Ion-ion and ion-dipole interactions 
are usually stronger than thermal energy kBT, hence their interactions exerts a 
pronounced effect on the alignment of the ions and dipoles. 
Though ion-ion and ion-dipoles interactions are important for a HDI, 
especially when charged particles are trapped at the disk or the slider ABS and 
might result in fly instability issue, the predominant effect of the electrostatic 
force for the interface is primarily due to the contact potential difference (also 
called Volta potential) between the two conducting layers, typically Al2O3-TiC 
of slider and CoCr Alloy of disk. For two parallel plates, the electrostatic force 
can be expressed as 




            
     




where ε0 is the electrical permittivity of vacuum (8.854 x 10
-12
 F/m); εr is the 
relative dielectric permittivity; h is the distance between the two plates, S is 
the surface area, and Vc is the contact potential difference. It was found that 
the contact potential difference of a HDI can be as high as 0.5 V [112]. 
2.3.3.2 Van der Waals forces 
The Van der Waals forces consist of Keesom force, Debye force, and 
Dispersion force. Keesom force and Debye force originates from the dipole-
dipole and dipole-induced dipole interactions, respectively. These interactions 
are usually weaker than thermal energy kBT. Hence their interactions need to 
be angle-averaged and are typically of 1/R
6
 dependence. Dispersion force is 
considered as electro-dynamic force. For non-polar molecules, the time-
averaged dipole moment is zero. However, at any instant there exists an 
instantaneous dipole moment determined by the location of the electrons 
around the nucleus. The dipole generates an electric field, which in turn 
induces a dipole in the nearby neutral atoms. The resulting interaction gives 
rise to the attractive dispersion force between the two molecules. Hamaker 
showed that the van der Waals forces between molecules are extendable to 
macroscopic objects by performing a pairwise sum over the atoms in these 
objects [113], with the assumption that the van der Waals interactions are 
additive, which is valid if no intervening material exists between the two 
objects. Such approach, namely microscopic approach is applied to several 
geometries, which is summarized in Fig.2.10.  




Fig.2.10 Non-retarded van der Waals forces for selected geometries. Please note A is the 
Hamaker constant. (from source [93]) 
 
Lifshitz developed the general quantum electrodynamics solution for 
van der Waals interactions between two materials separated by a third 
intervening material [114]. With Lifshitz theory, the Hamaker constant, A, can 
be calculated with intervening layer considered, and the van der Waals force 
for various geometries can be calculated based on the obtained Hamaker 
constant. Matsuoka et al. provided a modified multilayer model van der Waals 
pressure equation [115]. Ambekar et al. [116] applied such equation on a 
typical HDI shown in Fig.2.11. The modified multilayer model van der Waals 
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where h is the head-disk mechanical spacing, TL is the lubricant thickness, TD 
is the head DLC thickness, S is the surface area, Aijkl is the Hamaker constant, 
and A232’3 corresponds to the disk lubricant-head DLC interaction through the 
air gap, A2’312 corresponds to the disk DLC-head DLC interaction with 
multilayer effect of the air gap and the disk lubricant included, A231’2’ 
corresponds to the disk lubricant-head Al2O3-TiC interaction with multilayer 
effect of the head DLC and the air gap included, A121’2’ corresponds to the disk 
DLC-head Al2O3-TiC interaction with multilayer effect of the disk lubricant, 
the head DLC and the air gap included. It was reported that the dominant 
interactions for the HDI configuration are from A232’3 and A2’312 that involve 
the head DLC, the disk lubricant and the disk DLC [116]. The Hamaker 
constant for the multilayer model is expressed as: 
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), T is the 
temperature in Kelvin,   is the planck constant (6.63 x 10-34 m2kgs-1), ve is the 
electromagnetic absorption frequency, εi is the permittivity, ηi is the refractive 
index. In equation (2.9), the 1
st
 term represents the dipolar component, while 
the 2
nd
 term represents the dispersive term. As  ve>>kBT, the dispersion force 
contribution is usually much greater than the dipolar contribution. 




Fig.2.11 Multilayer model consideration for slider-disk interface with permittivity and 
refractive index for related materials (re-produced from source [16]) 
 
2.3.4 Contact Models 
Hertz contact model evaluates the elastic deformation of an individual 
spherical asperity in contact with a nominally flat surface [117] (see Fig.2.17). 
In the model, deformation is described as  
 





and the contact force as 
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where ac is the asperity contact half-width, R is the radius of the spherical 
asperity, and E is the reduced Young modulus. 
Several adhesion contact models based on the Hertzian contact model 
were proposed. Bradley suggested a model assuming the contacting surfaces 
are rigid and the van der Waals forces are confined to the area close to the 
contact point [118]. However, elastic deformations due to the van der Waals 













Layer Permittivity (εi) Refractive Index (η) Layer Thickness (nm)
1’ Head Al2O3-TiC 11.54 1.75 ∞
2’ Head DLC 2.418 1.9 2.5
3 Air 1.0 1.0 FH
2 Disk Lubricant 2.2 1.3 0-2 <varied>
1 Disk DLC 2.418 1.9 ∞




Fig.2.12 Hertzian Contact Model 
 
Johnson et al. considered such elastic deformations and proposed an 
adhesion contact model called the JKR (Johnson-Kendall-Roberts) model 
[119], which assumes the adhesion is confined to the contact region. Derjaguin 
et al. proposed a somewhat opposite model, called the DMT (Derjaguin-
Muller-Toporov) model [120], which assumes the adhesion is the sum of all 
the intermolecular interactions outside the contact zone, while no 
intermolecular interactions are considered at contact zone (Hertzian model). 
Tabor [121] pointed out that both the DMT and the JKR models work under 
different conditions, depending on the non-dimensional Tabor’s parameter, µT, 
which represents the ratio of the elastic displacement of the surfaces at the 
point of separation to the effective range of surface forces. Later, an 
intermediate model was proposed by Maugis [122]. The model considers 
adhesive forces in a ring zone surrounding the Hertzian contact region, and 
can be applied for both high and low adhesion materials. Maugis introduced a 
parameter referred as the transition parameter, λM, which determines the 
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Considering asperity contacts at the HDI, Wahl et al. [123] and Hua et 
al. [124] proposed contact models expressed from the power law. The contact 
model is derived by simple curve-fittings of typical plots of contact force 
versus spacing and can be considered as an extension of the Hertz model 
[111]. The power law is reported to correlate well with experimental results 
[124]. The power law was employed in various simulations conducted in the 
current thesis. 
Multi-asperities contact models had been considered by researchers. 
For head-disk contact modeling, Chen and Bogy recommended Greenwood 
and Williamson (GW) model and Improved DMT models [125]. Suh et al. 
extended original SBL (sub-boundary lubrication) model [28] and proposed 
improved SBL adhesion model, which incorporates finite element analysis 
(FEA) results of Kogut and Etsion (KE) and plasticity index based on the GW 
model. Hua et al. suggested the probability model [124], which is a general 
case of the GW model.  
2.3.5 Meniscus Force 
For contacting surfaces immersed in a liquid, menisci form around the 
contacting asperities and grow with time until equilibrium occurs. The 
meniscus force, which is the product of the meniscus pressure and the 
meniscus area, depends on the flow of liquid toward the contact area. Such 
flow depends on the capillary pressure that causes the meniscus around the 
contact asperity, and the disjoining pressure that pulls the liquid out from the 
meniscus and back to the surface [93]. 
The formation of a meniscus for a single asperity is shown in Fig.2.13. 
Based on the Young-Laplace equation [126], which relates the curvature of a 
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liquid interface to the pressure difference between the two fluid phases, the 
capillary pressure can be described as, 
 








where γ is the surface tension of the liquid-air interface and R1 and R2 are the 
principal radii of curvature. 
 
Fig.2.13 Meniscus formation between an asperity and a flat surface 
 
The disjoining pressure was first introduced by Derjaguin et al. and is 
defined as the negative derivative of the Gibbs free energy per unit area [127]. 
The disjoining pressure has three main components: 
                          (2.13) 
where the ΠvdW is the pressure from the van der Waals forces acting between 
the liquid film and the substrate, Πbond is the pressure from the contribution of 
other bonding interactions, for example, the covalent, ionic, and hydrogen 
bonding, and Πstructural is the pressure resulting from the liquid molecules 
having a different orientation and structure in the film, compared to the bulk 
liquid. It was shown that for functional PFPE lubricants, especially the case of 
thick liquid film that dewetting is possible, the disjoining pressure needs to 
R2
R1
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consider all three components [128]. For thinner, sub-monolayer lubricant 
film, disjoining pressure considers only the ΠvdW had been used with 
considerably success in various studies [129, 130]. Mate showed that for a 
liquid meniscus at equilibrium, the capillary pressure of the meniscus is equal 
to the disjoining pressure in the film, hence the meniscus force, considering 
only ΠvdW, can be described as [131] 
 
           (
 
    
) 
(2.14) 
where Scontact is the flooded contact area, A is the Hamaker contact, and h is the 
separation distance. 
Although the meniscus formation had been identified as the dominant 
factor of adhesion under static condition, there are arguments of whether such 
meniscus force is possible for a highly dynamic system with ultra-thin 
lubricant film, such as the HDI. Kato et al. [132] used an equilibrium meniscus 
force model to account for the dynamic slider-lubricant interactions. However, 
Thornton et al. [27] pointed out that such meniscus formation is unlikely or 
negligible in HDI due to the following reasons: 1) Extremely thin lubricant 
film thickness (less than 15 Å) available to behave as a liquid in the formation 
of meniscus and 2) The time scale of interest of the unstable head-disk 
interactions is too short for the kinetic formation of a meniscus, based on the 
kinetic meniscus formation model [133]. Instead, they proposed the 
intermolecular forces acting between the head and the disk as the dominating 
interactions. More recent papers presented simulation models based on the 
intermolecular forces and found the results agreed with the experiments [134].  
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2.3.6 Sliding Friction 
The sliding friction force between surfaces is a tangential force that 
resists relative motion between the two surfaces when both are pressed against 
each other with a normal force. The sliding friction is commonly described by 
the laws of friction: 
1) 1st law of friction: The friction force is proportional to the normal load, 
which can be described as F=µL, where µ is the coefficient of friction 
and L is the normal load. 
2) 2nd law of friction: The friction force is independent of the apparent 
area of contact. 





 laws were named after G. Amontons [93] who published 
the idea in 1966. The 3
rd
 law of friction was named after Coulomb. The 3
rd
law 
is not strictly true, but rather as an approximation for the weak dependence of 
friction on velocity. 
The physical origins of friction were proposed by Amontons. He 
suggested that the friction is originated from the surface roughness, in which 
the friction was due to the force required to pull the weight up the slopes of the 
surface roughness, and also due to the bending or deformation of the asperities 
during sliding. Coulomb discovered that the static friction was higher than the 
kinetic friction and would increase with the time that two surfaces stayed in 
stationary contact. These concepts of friction evolved to the understanding of 
the origins of friction via the mechanisms of adhesion and plowing.  
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2.3.6.1 Adhesion Friction 
The adhesion model for friction was described by Bowden and Tabor 
[135]. In the model, the contacting asperities of the surfaces undergo attractive 
and repulsive intermolecular forces according to the Lennard-Jones potential 
model [136]. As a tangential force is applied, shear stresses develop over the 
contact asperities. When the shear stresses are low, the intermolecular forces 
are sufficient to prevent sliding. As the shear stresses increase beyond a 
critical value, the tangential force is sufficient to overcome the intermolecular 
forces and the surfaces will start to slide over each other. The adhesive friction 
force is given by, 
          (2.15) 
where Sr is the real area of contact, and s is the average shear strength of the 
junctions. For elastic deformation dominate interface, the Sr can be estimated 
by elastic contact models discussed in section 2.5.4. If the plastic deformation 
is dominant, Sr can be approximated as L/H, where L is the loading force, and 
H is the hardness of the softer material. Equating equation (2.15) and 
1
stAmontons’ law of friction, the coefficient of friction is given by, 





Hence it is noted that for the case of strong adhesion that leads to plastic 
deformation, the friction is related to the shear strength and hardness of the 
softer material. 
2.3.6.2 Plowing Friction 
Plowing friction originates from the plowing of hard asperities through 
a softer surface. The plowing friction (Fplow) can be estimated as the product of 
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the projected asperities area in the direction of motion, S0, and the pressure 
being exerted to the softer material (approximately the hardness of the softer 
material, H), 
           (2.17) 
Considering the schematic depicted in Fig.2.14, the coefficient of friction for 
plowing can be described as, 
 
      





     (2.18) 
   
 
Fig.2.14 Schematic showing a cone plowing through a softer material 
 
2.3.6.3 Other mechanisms contributing to friction 
Besides adhesion and plowing friction, the other important mechanisms 
that affect friction are work hardening and junction growth. Work hardening 
originated from impurities or grain boundaries of ductile materials that 
become the obstacles of the sliding atoms and result in the increase of the 
coefficient of friction [93]. The junction growth [137] is due to a tangential 
force applied concurrently with the normal loading force that causes the 
plastic deformation to occur at a lower value of the normal contact pressure. 
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of the asperity by work hardening and 2) the presence of a wear interfacial 
film, for example, a lubricant film that reduces the shear strength. 
2.3.7 Sliding Wear 
Wear is defined as the loss of material from one or both contacting 
surfaces when subjected to relative motion. There are several different wear 
mechanisms, namely, adhesive wear, abrasive wear, fatigue wear, corrosive 
wear and wear due to plastic deformation [93]. Adhesive wear is due to the 
adhesion forces during asperities contacts resulting in plastic shearing that 
removed the ends of the softer asperities. Adhesive wear can be analyzed 
using Archard’s wear model [138], 
 
   




where L is the load, H is the hardness and Cwear is the wear coefficient, which 
is related to the fraction of asperity contact events that generate a wear 
fragment. Abrasive wear involves plastic flow and brittle fracture. The 
mechanism usually involves one surface that is much harder than the other 
surface. In abrasive wear, the harder surface penetrates into the softer surface 
during asperity contacts, and causes fracture and generate particles between 
the contacting surfaces. The generated particles will in turn generate more 
wear through the abrasive means. Fatigue wear involves repeated friction 
cycles that cause plastic flow and fracture. If chemical reactions are involved, 
the resultant wear is called corrosive wear. 
The main wear mechanisms in HDI are abrasive wear and adhesive wear 
[139], though tribo-chemical wear was reported that causes thermal 
degradation or molecular scission of the lubricant [140].  
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2.4 Chapter Summary 
The chapter provides an overview of various components of HDI and 
the common spacing terminologies used in the field. The underlying 
tribological principles of HDI design were reviewed to provide substantial 
background for the discussion of the works in the current thesis. 
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3 EXPERIMENTAL SETUP AND METROLOGY 
_______________________________________________________________ 
In order to ensure effective and concise discussions of the important 
works in the current thesis, this chapter provides the background works that 
support and facilitate the studies presented in Chapter 4 to 7. Chapter 3 is 
arranged in the following manners: 
1) Sections 3.1 and 3.2 provide the details of the experiment platform used in 
the various studies conducted. Experimental setup that consists of the 
Guzik spinstand system and the vibration sensing systems will be 
introduced. The conventional methods to characterize the flyability of the 
slider-head will be discussed.  
2) Air-bearing simulation software (ABSolution) developed by Data Storage 
Institute (DSI) was used for the air-bearing simulations performed in the 
thesis. The features and models employed in the simulation platform will 
be introduced in section 3.3.  
3) The important works of the current thesis involved the studies of head-disk 
interface (HDI) with a variety of interfacial roughness down to atomic 
scales. To support such requirement, the disk media fabrication process 
from the sputtering process to the post-process were developed, controlled 
and monitored. To ensure the tribology performance of the disks, 
characterizations of the diamond-like carbon (DLC) thin film and the 
perfluoropolyether (PFPE) lubricant were performed. Descriptions on the 
process parameters and the characterization results can be found in section 
3.4 to 3.6.  
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4) Disks with a variety of roughness values (by varying the disk 
configurations and process conditions) were produced and the roughness 
measurement results are presented in section 3.7.  
 
3.1 Experimental Setup 
 
Fig.3.1 Guzik V2002 spin-stand 
 
The head-disk interface (HDI) related experiments were based on the 
Guzik V2002 spin-stand system. The Guzik V2002 spin-stand (see Fig.3.1) is 
designed to simulate the specific head-disk system conditions and read/write 
operations of the actual hard disk drives, so that performances of the drive 
components such as the disks and the head gimbal assemblies (HGAs) can be 
evaluated. Fig.3.1 shows the components of the Guzik V2002 spin-stand, 
which consists of a spindle motor, a linear positioning system, and a head 
loading mechanism sitting on top of a granite plate mounted on the air shock 
absorbers. During operation, the tested disk was clamped and spun in counter 
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special designed cartridge with a 10-degree mounting block angle. The slider 
attached to the HGA was positioned accurately to a specific radius for testing. 
All the HGAs tested were of down-facing configuration. 
In order to monitor the vibrations of the slider, the Polytec Laser 
Doppler Vibrometer (LDV) system [141, 142] and the Physical Acoustic (PA) 
acoustic emission (AE) sensing system [143, 144] were set up on the spin-
stand (see Fig.3.2). Both signals were high-pass filtered at 20 kHz cut-off 
frequency. The signals were fed to the oscilloscope for analyses. The heater 
element of the Thermal Fly-Height Control (TFC) slider was driven by the 
Agilent 33220A function generator. The schematic of the experimental setup 




















Fig.3.2 Experimental setup (a) Guzik V2002 spin-stand system with LDV and AE; (b) Related 
monitoring, controlling and analyzing devices. 
 
 
Fig.3.3 Schematic showing the experimental setup for slider-disk interface study 
 
OFV-5000 LDV Controller
Agilent 33220A Function Generator
LDV laser focus monitor
OFV-534 Laser Unit
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During the on-set of the head-disk contact, slider vibrations, 
predominantly at its natural frequencies, would be excited and detected by the 
LDV and AE systems. The TFC power that causes such contact vibrations was 
referred to as the touch-down point (TDP). Assuming the TDP as the zero-
spacing point, and based on a pre-calibrated correlation between the TFC 
power and the relative fly-height (FH) change (will be discussed in section 
3.2), the clearance between the slider and the disk could then be estimated. 
Fig.3.4 shows typical LDV and AE signals with the TFC heater element 
driven by a 10 Hz sinusoidal power. The air-bearing surface (ABS) design 
used in the experiment is shown in Fig.3.4 inset. The TFC slider was of pemto 
form factor (1.25 mm (L) x 0.7 mm (W) x 0.23 mm (H)). As the TFC power 
was increased to the point of contact, in this case, about 87 mW, significant 
increases of the LDV and AE signals were observed.  
 
Fig.3.4 LDV velocities and AE responses to a sinusoidal TFC power. The inset shows the air-
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The root-mean-square (RMS) values of the signals with respect to the 
TFC power is shown in Fig.3.5. Using this method, the TDP was determined 
by setting a threshold, for example, 20% of the signal RMS during stable fly 
state.  
 
Fig.3.5 RMS of AE and LDV with respect to TFC power 
 
Another method to determine the TDP is by observing the increase of 
the 1
st
 pitch air-bearing mode of the slider during contact. The 1
st
 pitch mode 
is commonly observed during the initial contact state [145]. Hence the 
magnitude increase of the 1
st
 pitch mode peak beyond certain threshold can be 
used to determine the TDP. Fig.3.6 shows an example of the FFT spectra 
before contact and during contact. The FFT spectra were converted from the 
LDV velocity signals with the laser beam focused on the back of the slider. It 
is noted that the 1
st
 pitch mode of the air-bearing, which is at 115 kHz in this 



















20% Threshold for LDV
20% Threshold for AE
LDV TDP
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the dynamics of the slider air-bearing during contact will be explained in 
Chapter 4. 
 
Fig.3.6 FFT spectra of the slider vibration before contact and during contact. The spectrum of 
the contact state is offset by 40 dB for clarity. Significant 1
st
 pitch mode of 115 kHz and its 
harmonics can be observed during the onset of contact. 
 
3.2 Relative Fly Height Calibration 
As the recent HDI achieves clearance of sub-2 nm, there is currently no 
solution for the absolute measurement of spacing. However, relative slider-
disk spacing measurement can still be accurately obtained using the Wallace 
spacing loss equation (spacing loss= 
    
 ). Based on the Wallace spacing loss 
equation, relative FH change can be estimated by [146], 
 
   
   
    





where λ is wavelength, A1/A2 is the read-back amplitude ratio. 
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Fig.3.7 shows a plot of the relative FH change against increasing TFC 
power. Due to the increasing air-bearing stiffness as spacing reduces, the FH 
change per mW TFC power is non-linear [90]. The FH change profile was 
fitted with a 2
nd
 order polynomial function to give an estimation of the FH 
change per TFC power. To determine the FH of a slider at a specific TFC 
power during operation, a pre-calibration to obtain the relationship of the 
relative FH and the TFC power is required. During the calibration, a slight 
head-disk contact needs to be incurred to determine the TDP. Assuming the 
TDP as the zero-spacing point, the FH of a specific TFC power can be 
estimated based on the relative FH change per mW TFC power plot as shown 
in Fig.3.7. 
 
Fig.3.7 delta FH with respect to TFC power. The TDP is detected by AE RMS in this case 
 
3.3 Simulation Platform and Modeling 
For the various air-bearing simulations conducted in the current thesis, 
the air-bearing simulation software named "ABsolution", developed by Data 
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Storage Institute (DSI), was employed. The equilibrium state of the slider can 
be obtained by solving the coupled model containing air-bearing force, the 
contact force, the friction force, the loading force, the electrostatic force and 










































where p is the air bearing pressure, z, θ and φ are the vertical translation, the 
pitch and roll angles respectively, while m, Iθ and Iγ are the slider mass, 
moments of inertia of pitch and roll respectively. p1 is the sum of the air 
bearing force, the contact force, the van der Waals force and the electrostatic 
force in a unit area and p2 is the sum of the friction force and the air shear 
force in a unit area. K and D are the suspension stiffness and the system 
damping, respectively, (xg, yg) is the loading point of suspension, and Ts and α 
are the slider thickness and the skew angle respectively. The air-bearing force 
is governed by the modified compressible Reynolds Equation  
  
  










   
   
  
   
   
  
  




where Q is the Poiseuille flow factor, P is the air-bearing pressure, H is the 
slider-disk clearance, Ʌ is the bearing number, σ is the squeeze number, and t 
is the non-dimensionalized time. Fukui and Kaneko (FK) slip model was used 
as the correction factor [104],  
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where p is the air-bearing pressure, h is the slider-disk clearance, and Kn is the 
Knudsen number. The intermolecular force is based on the Lennard-Jones 
Potential equation: 
 








where A is the Hamaker constant, and B is a constant related to the repulsive 
term. When 6 )15/()2( ABh  , the intermolecular force will appear as the 
repulsive form [147]. Such repulsive force is much greater than the contact 
stiffness and will result in material deformation. Hence, when 
6 )15/()2( ABh  , the intermolecular force will not be considered and the 
contact force will take place.  











where V is the potential difference between the slider and the disk, 0 and r 
are the permittivity constant and the dielectric constant of the interface 
respectively. As h approaches 0, it is noticed that the electrostatic force 
approaches negative infinity. In order to avoid such singularity, electrostatic 
discharge is introduced [148, 112]. In the software, the electrostatic discharge 
is considered below a critical clearance,   
 ),( Vfhe   (3.7) 
where β is the absolute humidity of the environment.  
The contact pressure is based on the power law [149],  
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(3.8) 
where α is the maximum asperity height, β and m are the material dependent 
proportionality constant, and 1-h/α is the strain of the material. 
 In order to consider the roughness effect, the probability model [149, 
111] is considered. The pressure at a FH, h, can be obtained by probability 
model as 
 
     ∫      
     
       
∫              
     
       
 
(3.9) 
where C is the conditioning coefficient, g is the roughness distribution of the 
surface, subscripts s and d refer to the slider and the disk respectively, and zmax 
is the roughness peak height. 
 
Fig.3.8 Roughness parameters and FH between the slider and disk. Source from [147] 
 
























































































where y and z are roughness heights of the slider and the disk surfaces 
respectively (see Fig.3.8), gs and gd are the roughness distributions, and 
subscripts s and d refer to the slider and the disk respectively, while Zmax and 
Zmin are the roughness peak and the valley values respectively. The coefficient 
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The electrostatic force considering the probability model is described as, 
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(3.13) 
and the contact force considered probability model is given by, 
 






































To include the TFC features into the software, the thermal protrusion profile is 
obtained by the coupled iteration between the air bearing code and the 
commercial software ANSYS. An advanced heat transfer model [150] is 
employed for more accurate thermal protrusion profile on the slider surface. 
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3.4 Disk Fabrication Processes 
The configurations and constructions of the HDI with atomically smooth 
interface is one of the key deliverables for the current study. In order to 
achieve such interfacial roughness, and also to provide a variety of roughness 
for parametric studies, the disks are in-house configured and fabricated using 
the Intevac Lean 200 system. Several important features of the self-fabricated 
disks are listed as follows: 
1) To achieve atomically smooth surface roughness, minimum layers were 
deposited as shown in Fig.3.9. The disk structure consists of three thin film 
layers on top of a glass substrate. The three layers were the adhesion layer, 
the diamond-like carbon (DLC) overcoat layer, and the perfluoropolyether 
(PFPE) lubricant layer. 
2) The adhesion layer was made of NiTa or Ta to provide good adhesion to 
the top layer, and to provide sufficient conductive materials for effective 
substrate biasing during sputtering. The layer was also employed to control 
the surface roughness of the disk. The NiTa film is of amorphous structure 
and capable of producing atomically smooth surface. However, due to its 
amorphous structure, the roughness of the disk cannot be tuned by varying 
the thickness of the film. The Ta layer film is of crystalline structure, the 
roughness of the film, though not as low as the NiTa film, can be tuned by 
varying the film thickness. Hence the NiTa film was used in the current 
works to achieve the lowest roughness configuration, while the Ta film 
was used to provide a variety of roughness by tuning the film thickness.  
3) Diamond-like carbon (DLC) is the common overcoat used in the magnetic 
hard disk for mechanical and chemical protections [49]. For in-house 
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fabricated disk, a total of 4 nm thick DLC (3 nm a-C:Hx and 1 nm a-C:Nx) 
was sputtered. It must be noted that such thickness is thicker than current 
DLC thickness on commercial media disks. The value of the thickness was 
determined so that surface energy contribution from the adhesion layer to 
the interface was minimized. For this purpose, the DLC thickness has to be 
at least 3 nm [151]. This allows for valid experimental comparison to be 
made even if the adhesion layer was of different materials.  
4) About 1.2-1.5 nm of Z-tetraol lubricant was dip-coated to provide low 
surface energy and also lubrication. For some experiments, a de-lube 
process was introduced to remove the mobile lubricant layer in order to 
avoid the dynamic effects incurred by the mobile lubricant layer [81]. 
 
Fig.3.9 Proposed structure of self-fabricated disks 
 
The process flow of the in-house fabricated disks is shown in Fig.3.10. 
The processes can be divided into two major sub-processes: 1) thin film 
sputtering in ultra-high vacuum chamber; and 2) post-process for lubricant 
dip-coating and surface finishing. 
The following section describes the fabrication processes of the in-house 
fabricated disks. 




Fig.3.10 Process flow for atomically smooth disk fabrication 
 
3.4.1 Thin Film Sputtering 
 
Fig.3.11 Intevac Lean 200 Sputtering System 
 
Thin film sputtering was done using Intevac Lean 200 sputtering system 
(see Fig.3.11). The system consists of 20 stations, specially configured and 
designed for hard disk media manufacturing. All the NiTa or the Ta layers 
were deposited using a conventional DC sputtering process (station 1 in Lean 
system) with the following parameters: sputtering power=1.8kW; Ar flow 
rate= 40sccm. The hydrogenated carbon (a-C:Hx) layers were deposited using 













• Multi-layers thin film deposition • Provide lubrication and reduce surface energy
• Provide lubricant uniformity and remove particles
Sputtering 
Station 1: Adhesion Layers
Sputtering Power: 1.8 kW
Ar flowrate: 40 sccm




Ar flowrate: 2 sccm
C2H2 flowrate: 24 sccm
Station 20: a-C: Nx DLC Layers
Sputtering Power: 0.5 kW
Ar flowrate: 40 sccm
N2 flowrate: 20 sccm
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Lean system), with the following deposition parameters: anode voltage  = 
60V; emission current = 0.6A; Bias voltage = 120V; Ar gas flow rate = 2sccm; 
C2H2 gas flow rate = 24sccm. The nitrogenated carbon (a-C:Nx) layers were 
deposited using DC reactive sputtering  process (station 20 in Lean system), 
with the following deposition parameters: sputtering power 0.5kW; Ar gas 
flow rate = 40sccm; N2 gas flow rate = 20sccm. The sputtered disks were then 
sent to post-process immediately to ensure good bonding ratio. 
3.4.2 Media Post-process and Lubricant Characterization 
Media post-processes for the in-house fabricated disks consist of three 
major areas: 1) Lubricant dip-coating; 2) Ultra-violet (UV) exposure and 3) 
Tape-burnishing. 
3.4.2.1 Lubricant Dip-coating 
Fig.3.12 shows a lubricant dip-coater. Coating of the disks with the 
selected lubricant was achieved by dipping the disks into a dilute solution of 
the lubricant and pulling out of the solution at a controlled rate, after a fixed 
dwell time.  
 
Fig.3.12 Lubricant Dip-coater 
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As the disks were pulled out from the diluted lubricant solution, the solvent 
quickly evaporated, leaving the lubricant molecules on top of the DLC 
overcoat. The self-fabricated disks were dip-coated with the PFPE Z-tetraol 
lubricant. The lubricant was diluted using Vertral-XF solvent [152] to obtain 
concentration of 0.3 g/L. The pull-out speed was 20 mm/min.  
3.4.2.2 Ultra-Violet (UV) Exposure 
Ultra-violet (UV) irradiation of PFPE lubricated disk was conducted to 
enhance the bonding of the lubricant and the DLC. The methodology was first 
introduced by Saperstein and Lin [153], and the bonding enhancement 
mechanisms were discussed in [154] and [155]. Fig.3.13 shows the UV 
chamber used. The UV chamber was purged with N2 gas during operation to 
prevent ozone production at room temperature [153]. The UV intensity was set 
to 5 mW/cm
2
 and the wavelengths were 184 nm and 254 nm. The UV 
exposure time was set at 30 seconds. 
 
Fig.3.13 Ultra-violet Chamber 




Tape-burnish was performed to remove particles on the disk surface and 
to minimize high asperities. The production grade YAC tape-burnish machine 
was used in the process (see Fig.3.14). The machine features three major 
process units: 1) edge unit; 2) wiping unit and 3) burnish unit. The burnish 
unit was employed due to its effectiveness in asperities minimization and 
particle removal for the glass disk media. The process used a burnishing tape 
with abrasives to burnish away the asperities and to remove the loose particles 
on the disk surface. The burnishing process parameters are shown in TABLE 
3.1. Fig.3.15 reveals average disk particle removal rate of 69% and standard 
deviation of 10%. This resulted in about 50 particles for majority of the disks 
produced. The particle counts of the disks were measured by the Candela 
Optical Surface Analyzer (OSA) [156] (Kindly refer to Appendix B for an 
introduction to the OSA). 
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Fig.3.15 Particle Removal Rate of Tape-Burnish Process 
 
Load Point (LDP) 12 mm End Position (EP) 0.25 mm
Unload Point (ULP) 33 mm Speed Down Position (SDP) 1 mm
Load Speed 150 mm/min Transverse Position (TP) 0.4 mm
Contact Speed (CS) 0.5 mm/sec
Load Force 30 gf
Feed Type Interval Spindle Speed 1000 RPM






















Disk Samples Before Tape-Burnish After Tape-Burnish Particle Removal %
1 158 42 73%
2 144 60 58%
3 116 13 89%
4 137 44 68%
5 144 36 75%
6 143 39 73%
7 119 27 77%
8 139 59 58%
9 215 90 58%
10 164 50 70%
11 193 81 58%
Mean 152 49 69%
Std 30 22 10%
Max 215 90 89%
Min 116 13 58%
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3.5 DLC Properties and Characterizations 
3.5.1 Thickness and Film Uniformity 
At sub-10 nm thickness, DLC thickness affects its mechanical properties 
and hence need to be measured accurately. Film uniformity or standard 
deviation is critical to ensure full surface coverage and sufficient protection to 
the under-layers. Thicknesses of the DLC films were calibrated using X-Ray 
Photoelectron Spectroscopy (XPS) and verified with Transmission Electron 
Microscope (TEM). Fig.3.16 shows the sputtering rate of a-C:Hx and a-C:Nx 
films. OSA was used to measure the DLC uniformity of the disk. Before the 
measurements, calibration was performed to obtain a correlation between the 
reflectivity captured by the OSA and the thickness of the DLC film. Fig.3.17 
shows the correlation between DLC thickness and OSA average reflectivity. 
Based on the calibration, uniformities of various thickness combinations of the 
DLC films are shown in TABLE 3.2. Generally, uniformity of less than 10% 
of the total thickness was achievable.  
 
 























































Sputtering Time (s) a-C:Nx Thickness (nm) Sputtering Time (s) a-C:Hx Thickness (nm)
0.55 - 2 1.3
1.11 1.4 4 2.8
1.67 2.6 6 4
3.21 4.9 10 8.1




Fig.3.17 OSA Reflectivity of various thickness of (a) a-C:Hx and (b) a-C:Nx thin films 
 
TABLE 3.2: DLC coating uniformity obtained by OSA 
 
 
3.5.2 Film Structure 
Structural properties of the DLC film will directly affect its performance 
as an overcoat layer. Raman spectroscopy is a common tool to investigate 
DLC structural properties [157]. Renishaw 2000 Raman Imaging Microscope 
with Ar green laser of 514 nm wavelength, and laser beam size of about 1 µm 
in diameter was used for such measurement. Fig.3.18 shows Gaussian fitted 
plots of the Raman spectrum for 2 nm thick a-C:Hx and a-C:Nx films. The 
spectrum ranged from 1000 to 1800 cm
-1
. The Raman active modes of 
amorphous carbons consist of a broad G peak at about 1570 cm
-1
, attributed to 
the Brillouin zone center vibrations (E2g mode) of the aromatic rings in 
graphite, and a broad D peak around 1360 cm
-1
 mainly attributed to the 
(a) (b)
a-C:Hx a-C:Nx
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disorder activated optical zone edge modes (A1g) of microcrystalline graphitic 
sheets. The G band is related to graphite-like sp
2
 structures. The D band is due 
to bond angle disorder in the graphite-like micro-domains induced by the sp
3
 
linkage of carbon atoms. The intensity ratio of the D and G bands (ID/IG) is 
hence a form of measure of the degree of structural disorder. From Fig.3.18, 
higher G-band position and higher ID/IG ratio were observed for the a-C:Nx 
films compared to the a-C:Hx films, which indicates an increase in sp
2
-bonded 
atomic sites for the a-C:Nx films. This suggests that the a-C:Hx films contain 
more sp
3
-bonded atomic sites, which correspond to higher density, and higher 
hardness and Young’s modulus. For the in-house fabricated disks, 3 nm of the 
a-C:Hx film was sputtered for mechanical protection due to its advantages in 
mechanical properties, and 1 nm of the a-C:Nx film was sputtered on top of 
the a-C:Hx layer, due to its good chemical bonding with the PFPE lubricant 
[59]. 
 







a-C:Nx D-band location (cm-1) G-band location (cm-1) ID/IG
Mean 1394.90 1570.03 1.58







a-C:Hx D-band location (cm-1) G-band location (cm-1) ID/IG
Mean 1343.84 1547.61 0.45
Std 1.42 1.06 0.01
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3.5.3 Films Hardness and Densities 
The hardness of the DLC films was determined using nano-indentation. 
The tests were performed using a MTS Nano-indenter XP system with the 
Dynamic Contact Module (DCM), which offers the high sensitivity of the 
contact stiffness measurement from the tip-material interaction. Berkovich 
indenter (with radius less than 20nm) was used to indent the coatings up to 50 
nm deep into the material. The load was applied at constant strain rate of 0.05 
s
-1
. Modulus (E) and hardness (H) were then derived from the contact 
stiffness, based on the Oliver and Pharr method [158]. Fig.3.19 shows the 
hardness and modulus versus indentation depth for both the a-C:Hx and the a-
C:Nx films. The NiTa under-layer’s hardness and modulus are shown as 
control. The prepared films are 50 nm thick in order to avoid the substrate 
effect [159]. Based on the Buckle’s 10% rules, the substrate effect sets in after 
5 nm of indentation depth, hence the hardness values of the films were 
obtained at 4.5 nm displacement depth, which are 26.7 GPa and 10.2 GPa for 




























































Fig.3.19 (a) Hardness and (b) Modulus of thin films versus indentation depth 
 
The densities of the DLC films were measured by high resolution x-ray 
reflectometry (HR-XRR) at grazing incidence in the X-ray demonstration and 
development (XD) beam line at Singapore synchrotron light source (SSLS) 
[160]. The diffractometer is the Huber 4-circle system 90000-0216/0, with 
high-precision 0.0001º step size for omega and two-theta circles. The storage 
ring, Helios 2, was running at 700 MeV, typically stored electron beam current 
of 300 mA. The X-ray beam was conditioned by a Si (111) channel-cut mono-
chromator (CCM) and toroidal focusing mirror, blocked to be 0.9 mm high in 
vertical direction and 3.0 mm wide in horizontal direction by a slit system. 
Such set-up yielded X-ray beam with about 0.006° in vertical divergence. The 
detector slit was adjusted to be 1.00 mm high to ensure recording of all 
reflected photons. The typical counting time was 5 seconds for every step and 
the step size is 0.01° in 2-theta. Diffuse scattering (background) of the off-set 
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measurement. The pure reflectivity was then obtained by subtracting the 
diffuse scattering from the raw data. The simulations were done using 
simulating software M805 and LEPTOS 1.07 release 2004 (Bruker). The XRR 
measured and simulated spectra are shown in Fig.3.20. The thickness of the 
DLC films was fixed at 20 nm. The density of the respective film was 
calculated after a good fit between the measured spectra and the simulated 
spectra was obtained. The densities of the a-C:Hx and the a-C:Nx are 2.08 
g/cm
3
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3.6 Lubricant Calibrations and Characterizations 
3.6.1 Lubricant Thickness Calibration and Uniformity Measurement 
The lubricant thickness was mainly controlled by the pull-out speed. The 
effect of the pull-out speed on lubricant thickness was studied and plotted in 
Fig.3.21.  
 
Fig.3.21 Lubricant thickness vs pull-out speed 
 
 
Fig.3.22 Lubricant uniformity inspected by OSA 




























D1 D2 D3 D4 D5 D6 Mean Std Dev
Lubricant Thickness (nm) 1.06 1.31 1.39 1.16 1.27 1.29 1.25 0.12
Uniformity / Std. Dev. (nm) 0.11 0.12 0.08 0.13 0.14 0.04 0.10 0.04
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Thickness of the lubricant was measured by ellipsometer, which was 
calibrated with XPS. Lubricant uniformity was measured by the OSA and it is 
in the range of 3-11% of total film thickness (see Fig.3.22).  
 
3.6.2 Lubricant Bonding Ratio 
The lubricant layer can be simplistically viewed as having a chemically 
“bonded” layer with a “mobile” lubricant film on top [81]. The lubricant 
bonding ratio, defined as the average bonded layer thickness divided by the 
average total lubricant thickness, is one of the critical parameters that affects 
slider dynamics at near-contact regime. The lubricant bonding ratio was 
determined by comparing the thickness of the lubricant before and after the 
de-lube process [161]. The de-lube process was carried out using the dip-
coater. Vertral-XF solvent was used for the de-lubing process. Relationship of 
the lubricant thickness with the de-lube dwell time is plotted in Fig.3.23. The 
thickness measurements were obtained by ellipsometer. From the plot, it is 
shown that significant amount of mobile lubricant was removed within the 
first 30 seconds, following by a gradual reduction in lubricant thickness until 
saturation was reached after 3 minutes. Based on the observation, lubricant 
bonding ratio was defined as the ratio of the lubricant thickness after 3 
minutes of de-lubed process (saturation point of lubricant thickness reduction 
over time) to the initial lubricant thickness. The average and standard 
deviation of the lubricant thickness and bonding ratio of in-house fabricated 
disks are tabulated as shown in Fig.3.24. The measurements were taken after 
ultra-violet exposure. Average lubricant thickness of approximately 1.3 nm 
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with lubricant bonding ratio of about 64% can be achieved based on the 
current process.  
 






































































Disk Sample Total Lubricant Thickness (nm) Bonded Lubricant Thickness (nm) Lubricant Bonding Ratio
1 1.255 0.865 0.689
2 1.314 0.863 0.657
3 1.218 0.922 0.757
4 1.286 0.946 0.736
5 1.229 0.920 0.749
6 1.234 0.869 0.704
7 1.414 0.788 0.557
8 1.408 0.740 0.526
9 1.301 0.791 0.608
10 1.312 0.691 0.527
11 1.284 0.704 0.548
12 1.289 0.783 0.607
Mean 1.295 0.824 0.639
Std 0.063 0.086 0.088
Max 1.414 0.946 0.757
Min 1.218 0.691 0.526
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3.6.3 UV Exposure Time Calibration 
Although UV exposure assists in the bonding of the lubricant and the 
DLC, pro-longed exposure of the PFPE lubricant under UV light might have a 
negative effect on the lubricant bonding due to photochemical degradation of 
the PFPE chain and evaporation of short broken chain of the PFPE [153]. The 
effect of UV exposure time on lubricant bonding ratio and lubricant thickness 
was studied and shown in Fig.3.25. The bonding ratio after 90 seconds 
exposure dropped significantly, indicating that the PFPE lubricant experienced 
obvious photochemical degradation and evaporation of short broken chain. 
UV exposure time of 30 seconds produced the highest bonding ratio with no 
significant thickness change. Based on the result, the UV exposure time was 
fixed at 30 seconds.  
 
Fig.3.25 Lubricant Bonding Ratio versus UV exposure time 
 
3.7 Slider-Disk Interfacial Roughness Measurements 
3.7.1 Disk Roughness Measurements 
The roughness of the in-house fabricated disks was measured by the 
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measurements were performed using tapping mode, and the scan area was 1 
μm x 1 μm. Silicon tapping mode atomic force microscope (AFM) probes with 
approximately 30 nm aluminum high reflectivity coating on the detector side 
of the cantilever were used. The tips were shaped like a polygon based 
pyramid with a height of 10 to 15 µm, and the tips radius of curvature were 
less than 8 nm.  
3.7.1.1 Roughness Contributions by DLC Films 
Fig.3.26 shows roughness parameters for various thicknesses of DLC 
films. Roughness of the under-layers (0 nm DLC) was measured as control. 
The results show insignificant roughness contribution by the DLC films. In 
fact, for the under-layers’ roughness shown in Fig.3.26, sufficiently thick DLC 
films were able to improve the roughness slightly due to its amorphous nature. 
In general, the results concluded that the topography of the disk is mainly 
contributed by the under-layers.  
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3.7.1.2 Roughness Contributions by Under-layers 
Roughness standard deviation (Rq) of Ta and NiTa adhesion layers 
with respect to film thickness are shown in Fig.3.27(a) and (b), respectively. 
Within the thickness range investigated, Fig.3.27(a) shows that surface 
roughness increases almost linearly with the Ta layer thickness. Due to the 
amorphous nature of the NiTa film, the thickness effect on roughness is not 
significant. Similar to the observation of the amorphous DLC films, 
sufficiently thick NiTa layer improved the surface roughness of the substrate 
slightly (see Fig.3.27(b)). 
 
Fig.3.27 Roughness versus Thickness of (a) Ta layer and (b) NiTa layer 
 
Based on the results, the NiTa layer was selected to provide disk with 
the best roughness, while Ta layer was used in the case where effect of surface 
roughness is studied (require series of samples with different roughness). 
Fig.3.28 shows the roughness parameters summary for different configurations 
of the in-house fabricated disks, arranged in the order of increasing surface 
roughness. Based on different configurations, the roughness (Rq) of the disks 





























Fig.3.28 Roughness Parameters for Self-Fabricated Disks 
 
3.7.2 Slider Roughness Measurements 
To measure roughness of the slider-head, it is critical to determine the 
in-contact location during touchdown. Cross-section profile of the TFC bulge 
were measured by AFM and shown in Fig.3.29. The profile was obtained by 
averaging a 20 x 10 µm scan area of the slider pole region. From the cross-
section profile, the highest protrusion point during contact was determined to 
be at the top writer shield region. It was noted that a ridge of less than 0.25 µm 
wide at the top writer shield was most likely the initial contact point. The 
roughness of the ridge and writer shield area were measured and shown in 



















Disk Parameters Rq Ra Rmax
Gls/NiTa (36nm)/DLC Mean 0.160 0.127 1.658
Std 0.011 0.009 0.218
Gls/Ta (5nm)/DLC Mean 0.209 0.164 2.072
Std 0.028 0.021 0.324
Gls/Ta (30nm)/DLC Mean 0.332 0.264 2.653
Std 0.037 0.029 0.235
Gls/Ta (60nm)/DLC Mean 0.466 0.371 3.641
Std 0.027 0.022 0.019




Fig.3.29 Protrusion profiles of TFC slider. The inset shows AFM image of the slider pole-
region 
TABLE 3.3: Roughness parameters of the contact region of TFC slider 
 
 
3.8 Chapter Summary 
The chapter presented the experimental setups and metrologies that were 
commonly used in the various studies presented in the current thesis. 
Simulation software and models that were used were introduced. The 
fabrication processes of the atomically smooth disk to support the tribological 
studies of the HDI were documented, and the results of the characterizations 
were discussed. At the end of the chapter, the surface roughness of the slider 
protrusion and the disk was measured. The controllable disk surface 
roughness, down to atomically level, is one of the critical steps that enable the 



























Distance from Slider Substrate, µm
Top Writer Shield
Return Pole
MR Top & Bottom Shields
Ridge
Parameters Rq Ra Rp Rv
Head (Writer Shield) Mean 0.268 0.209 1.092 -1.292
Std 0.019 0.018 0.118 0.064
Head (Ridge) Mean 0.302 0.234 0.929 -1.089
Std 0.022 0.022 0.049 0.181
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4. SLIDER DYNAMICS AND STABILITY AT NEAR-
CONTACT AND CONTACT REGIMES 
_______________________________________________________________ 
The thermal flying-height control (TFC), based on a nano-thermal 
actuator, has been widely used to control and compensate the fly-height (FH) 
variations of the sliders, and to help achieving ultra-low FH. As the TFC 
technology was introduced to the HDD industries, Liu et al. [27] observed that 
specific air-bearing design exhibited abrupt excessive bouncing signature 
during initial contact, while a stable regime, which was defined as the 
lubricant surfing regime, could be identified as the TFC power is increased 
beyond the bouncing state (see Fig.4.1). Yu et al. [28] analyzed the stability of 
the surfing head-disk interface. As depicted in Fig.4.2, they postulated the 
surfing state occurred between the excessive bouncing state and the sliding 
state. It is critical to study and understand the bouncing phenomena due to 
several reasons: 
1) The slider fly stability can be abruptly transit from stable to the unstable 
state by slight excitation, hence causing catastrophic damages to the head 
and the disk; 
2) There is a possibility that the head and the disk are damaged due to 
excessive bouncing when transiting from the flying state to the surfing state. 
The current chapter studies the dynamic stability of the TFC sliders at 
touch-down in order to identify the fundamental reasons of the TFC slider’s 
instability when approaching the disk. First, the air-bearing modes of an air-
bearing design that exhibits the excessive bouncing phenomenon were 
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obtained by simulation. Experiments were then conducted and several non-
linear phenomena were observed from the testing results. A 1-DOF and a 2-
DOF non-linear model were then established to highlight the different non-
linear aspects of the TFC sliders at touch-down, and to explain the observed 
non-linear phenomena.  
 
Fig.4.1 a stable lubricant contact regime can be identified as TFC overpush beyond the 
contact bouncing regime [27]. 
 
 
Fig.4.2 Changes of head-disk spacing and contact force with changing protrusion, showing 
the abrupt transition to excessive bouncing state at a critical spacing, and subsequently a 
stable surfing regime when a critical contact force is achieved [28]. 
 
4.1. Determination of Slider Air-Bearing Vibration Modes 
Determination of the sliders’ air-bearing vibration modes or natural 
frequencies is important and essential to understand the dynamics of the 
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sliders. The air-bearing modes are usually obtained experimentally by 
vibration sensing systems such as the laser doppler vibrometer (LDV) system 
and the acoustic emission (AE) system [29]. As the vibrations at the natural 
frequencies are extremely small during the stable fly state, a common 
experimental method to obtain the vibration modes is to allow the slider to be 
lightly in-contact with the disk in order to excite the air-bearing vibrations. 
However, the head-disk contact will excite not only the air-bearing vibrations, 
but other vibrations such as the suspension modes, the gimbal modes, and the 
other modes contributed by the coupling of different vibrating components 
[163, 164]. Some of these vibration modes are near to the air-bearing modes, 
hence causing the determination of the air-bearing modes to be difficult. To 
improve the situation, simulation studies were conducted to assist in the 
determination of the air-bearing modes. 
4.1.1 Simulations 
The simulations were performed using the “ABSolution” air-bearing 
simulation software [124] with the probability model that takes slider and disk 
surface conditions into consideration and can reflect the effects of various 
head-disk interactions [147]. Details of the simulation platform and the 
various models considered in the simulations are referred to section 3.3 of the 
thesis. During the simulations, the software employed the finite volume 
method with a fast implicit algorithm and unstructured triangular mesh to 
solve the modified Reynolds’ Equation and the dynamic equations of the 
sliders. To quickly obtain the air-bearing modes, dynamic simulations similar 
to [165] were performed. The simulated time-domain FH, pitch and roll results 
were converted to Fast Fourier Transform (FFT) spectra for analysis. Values 
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of the radius, skew angle and spindle speed were set according to the 
experimental settings at 25 mm, 0˚ and 5400 RPM, respectively. The air-
bearing design was scanned by Zygo interferometer and imported into the 
simulation software. Fig.4.3 shows the air-bearing design used in both 
simulations and experiments. The slider is of pemto form factor (1.25 mm (L) 
x 0.7 mm (W) x 0.23 mm (H)). 
 
Fig.4.3 Air-bearing surface (ABS) design (a) captured by microscope, (b) captured by Zygo 
and imported into the ABSolution software. 
 
To determine the slider air-bearing modes during touch-down, an initial 
excitation was added to the slider to simulate the conditions of “contact” 
states. Fig.4.4 shows the FH, pitch and roll motions against time for an initial 
excitation with vertical speed of 5 mm/s, and pitch and roll angular speed of 5 
rad/s. The FH is taken at the maximum protrusion point of the slider. It is 
observed that the slider is significantly excited and is contacting the disk with 
minimum FH close to -2 nm. Here negative FH can be considered as contact 
depth beyond mean-plane surfaces. The slider is able to return to stable flying 
state after about 70 µs. From the time-domain plots of the pitch motion and the 
roll motion, significant fluctuations of the motions can be observed during the 
(a) (b)
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excited state. The frequency analyses of these motions will provide an insight 
of the vibration modes of the slider air-bearing. 
 
Fig.4.4 (a) FH, (b) pitch and (c) roll time-domain plot. Initial excitation of vertical speed 
5mm/s, pitch and roll angular speed 5 rad/s were applied. 
 
 
Fig.4.5 FFT of (a) FH, (b) pitch, and (c) roll of the air-bearing in the case of "contact" 
 
Fig.4.5 illustrates the FFT spectra of the simulated “contact” state. The 
FH FFT represents the vibration spectrum at the maximum protrusion point at 
the trailing edge (TE), which is the initial contact point. From Fig.4.5 (a), high 
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FFT spectrum. The FFT spectrum of the pitch motion in Fig.4.5(b) reveals that 
the two peaks are related to the pitch motions of the slider. The roll mode can 
be identified from the FFT spectrum of the roll motion, as shown in Fig.4.5(c). 
The roll mode is identified as 92 kHz. It is noted that the roll mode is not 
reflected at the FH spectrum (see Fig.4.5(a)). 
 
Fig.4.6 Schematics to show (a) the P1 and P2 motions [162] and (b) the roll motion of a 
slider. 
 
The common pitch modes observed for air-bearing sliders are the 1
st
 
pitch (P1) mode and the 2
nd
 pitch (P2) mode [29, 162]. There are two major 
frequency peaks observed in the FFT spectrum of pitch motions, as shown in 
Fig.4.5 (b). To identify the corresponding peaks for P1 and P2 modes, the 
mechanisms of the pitch motions need to be studied. The motions of the pitch 
modes are depicted in Fig.4.6 (a). The 1
st
 pitch (P1) mode is related to the up-
down motion of the slider leading edge (LE) around a pivot line close to the 
TE of the slider [162], such as "p" illustrated in Fig.4.6 (a). The mode is 
usually observed during the initial contact state [145] when the movement of 
the slider TE is limited by the increasing contact stiffness. The 2
nd
 pitch (P2) 
mode typically refers to slider's rotational motion around a line in the central 
part of the slider's air-bearing surface, such as “q” illustrated in Fig.4.6 (a). 
The excitations of the P2 mode were observed at near-contact region due to 
pq
TELE
1st pitch (rotation about p)
2nd pitch (rotation about q)
TE
r
Roll (rotation about r)
(a) (b)
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the disk waviness effects [166], and also at deep contact state [145] due to 
intensive contact stiffness. The illustration shows that the LE dominant 
movements lead to P1 motion, while TE dominant movements lead to P2 
motion. Simulated FH motions for both TE and LE were plotted and shown in 
Fig.4.7. It is shown that the TE vibration is dominated by oscillations of about 
250-300 kHz, hence confirming the frequencies are related to P2 mode. The 
LE vibration is dominated by the large vibration at about 100 kHz and is 
related to the P1 mode. It is noted that the amplitude of the LE motion is larger 
due to lower stiffness at the region. This also explains the observation that the 
P1 amplitude from the pitch spectrum is much larger than that observed in the 
FH spectrum. This is due to majority of the P1 vibrations happen at the LE 
area, while the FH spectrum was obtained from the maximum protrusion point 
at the TE. 
 
Fig.4.7 Simulated FH at (a) TE and (b) LE. The initial excitation is of vertical speed 5mm/s, 
pitch and roll angular speed of 5 rad/s. It is noted that the TE vibration is dominated by P2 
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The roll mode cannot be identified in the FH FFT spectrum. This is 
because the FH spectrum is taken at the central part of the TE and there is no 
significant roll torque at this area and hence less significant roll mode can be 
detected. 
4.1.2 Experimental 
A series of experimental tests were carried out using the Guzik V2002 
spinstand. In the experiments, the sliders were flown at radius of 25 mm, with 
zero skew angle and spindle speed of 5400 RPM. The FH was controlled by 
applying a voltage profile that consists of a fixed 2 Hz sinusoidal wave plus an 
incremental DC voltage to the TFC heater. The TFC power was calculated by 
using the method described in [167]. The transient slider’s vibrations and 
contact dynamics were monitored by the LDV and the AE system. The LDV 
and AE signals at the peak power with a time period of 5 ms were acquired 
and analyzed. 
Fig.4.8 shows the root-mean-square (RMS) values of the LDV signals 
with respect to the TFC power. It can be seen that the LDV signal goes 
through four distinct regimes. In Regime I, the LDV signal is very small, 
which indicates the stable flying state of the slider. In Regime II, a large LDV 
signal can be observed, which signifies large vibrations of the slider in this 
region. When the TFC power is increased to 120 mW, the LDV signal starts to 
decrease. In Regime III, the LDV signal becomes small but is slightly larger 
than that of the stable flying regime I. When the TFC power is increased to 
135 mW (Regime IV), the LDV signal increases again. This indicates that 
large slider vibrations resume. 




Fig.4.8 RMS values of LDV signals at different TFC power during slider touch-down. 
 
To obtain a clearer picture of the slider dynamic characteristics at 
touch-down, the spectra of the LDV signals at the TFC heating power of 73 
mW, 112 mW, 130 mW and 150 mW, respectively, are plotted in Fig.4.9. 
They represent the states of the slider dynamics in Regimes I, II, III and IV, 
respectively. There are 25 dB offset for each spectrum to provide better 
visibility. The spectra of LDV signals in Fig.4.9 clearly show the different 
dynamic characteristics of the TFC slider in different regimes. In Regime I, 
there is no obvious peak in the spectrum of the LDV signal, which indicates 
small vibrations of the slider at the flying state. In Regime II, a large peak at 
116.5 kHz is observed, which corresponds to the P1 mode of the air bearing 
slider. In addition, the large peaks at 223 kHz, 349.5 kHz and 465 kHz are also 






 harmonics of 
the P1 mode of the air bearing slider. The regime is highly unstable. In 
Regime III, the vibrations of the slider at the P1 mode and corresponding 
harmonics decrease significantly, while the peak at 297 kHz is observed, 
which corresponds to the P2 mode of the air bearing slider. In Region IV, the 
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slider at the P1 mode and its corresponding harmonics disappear.  
 
Fig.4.9 Spectra of the LDV signals at regime I, II, III and IV. 
 
Although the experimentally obtained air-bearing modes match closely 
with the simulations, it is noted that the harmonics observed during the initial 
contact state exhibits non-linear characteristics that is not well understood. To 
identify the possible reasons for the existence of the bouncing regime, the 
following section provides analyses by using non-linear models [12]. 
 
4.2. Dynamic Analyses of the Slider Air-bearing 
4.2.1 1-DOF Non-linear Model 
To provide basic understanding of the non-linear system, a 1-DOF 
(single degree-of-freedom) HDI model was constructed as shown in Fig.4.10. 
The equation of motion for the unforced 1-DOF system is written as 
 0)()(  hFhKhDDhm ss
  (4.1) 
where the slider equivalent mass m is 1.18 x 10
-6
 kg; the damping constant of 
air bearing D is 0.05 kg/s; the spring rate of the suspension Ks is 13.0 N/m; the 
damping constant of the suspension Ds can be ignored. These parameters were 
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obtained based on simplified suspension model as described in [195]. h is the 
FH and F is the sum of interacting forces which is the function of the FH. The 
sum of the interacting forces can be described as a function of the head-disk 










)(  (4.2) 
 
The parameters ar can be determined by curve fitting of the relationship of the 
sum of the interacting forces with respect to spacing. The forces considered in 
the simulation include the air-bearing force, the contact force, the friction 
force, the loading force, the electrostatic force and the van der Waals force. 
Models involved when considering these forces were given in section 3.3. Fig. 
4.11 shows the fitted curve of the total interacting force (solid line) together 
with the calculated results (circle) from ABSolution. To understand the 
stability of the system with respect to spacing, the potential energy U(h) of the 
system was obtained by integrating the total interacting force with respect to 
spacing h. The non-linear differential equation shown in equation (4.1) can be 
solved by the 4
th
 order Runge-Kutta method. 
 












Fig. 4.11 Curve fitting of the interacting force with respect to head-disk spacing 
 
 
Fig.4.12 Dynamic characteristics of the 1-DOF model for the slider with Hp=23.5 nm: (a) FH 
in time domain; (b) phase portrait of the FH; (c) FH in frequency domain; and (d) potential 
energy curve of the system with single stable equilibrium. 
 
Fig.4.12 shows the dynamic response and characteristics of the 1-DOF 
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conditions are h0=3.0 nm and velocity v0=0 mm/s. From the dynamic response 
in time domain (see Fig.4.12 (a)), it can be seen that the FH converges to the 
steady value of 2.78 nm due to the damping of the system. From the 
corresponding phase portrait in Fig.4.12 (b), the near-round trajectories can be 
seen clearly. Fig.4.12 (c) shows the amplitude of FH in frequency domain and 
a single peak can be observed at around 163 kHz. These results show a high 
degree of linearity of the 1-DOF system when the amplitude of the motion is 
small. In addition, it can be observed that there is only one minimum point in 
the potential energy curve shown in Fig.4.12 (d), and only one attractor in the 
phase portrait shown in Fig.4.12 (b). These indicate that the system has a 
single equilibrium and a mono-stable state.  
 
Fig.4.13 Dynamic characteristics of the 1-DOF model for the slider with Hp=30.6 nm at the 
initial conditions of h0=3 nm and v0=0 mm/s: (a) FH in time domain; (b) phase portrait of the 
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However, a degree of non-linearity can be induced by increasing the 
thermal protrusion to the near contact region. Fig.4.13 and Fig.4.14 show the 
dynamic response and characteristics of the 1-DOF model for the slider with 
Hp=30.6 nm and the initial conditions of (h0=3.0 nm, v0=0 mm/s) and (h0=3.0 
nm, v0=1 mm/s), respectively. From the results in Fig.4.13 and Fig.4.14, it can 
be seen that the dynamic responses and characteristics of the system with 
Hp=30.6 nm exhibit distinct non-linear behaviors which are quite different 
from the quasi-linear system of the slider with Hp=23.5 nm.  
At the initial conditions of h0=3.0 nm and v0=0 mm/s, large amplitude of 
oscillations are observed initially, and the FH eventually converges to the 
steady value of 1.3 nm, as shown in Fig.4.13 (a). This shows that the slider is 
at the stable flying state. But at the initial conditions of h0=3.0 nm and v0=1 
mm/s, the FH finally converges to the steady value of -0.3 nm after the large 
amplitude oscillations, as shown in Fig.4.14 (a). This indicates that the slider 
is at the stable contact or sliding state. These results show that the system has 
bi-stable equilibriums at h=1.3 nm and h=-0.3 nm, respectively. The non-
linearity can also be observed from the phase portraits in Fig.4.13 (b) and 
Fig.4.14 (b). The trajectories exhibit a “” shape and there are two attractors 
in the phase portraits. Fig.4.13 (c) and Fig.4.14 (c) plot the amplitudes of FH 
in frequency domain for the different initial conditions. Both of the plots show 
major peaks at 183 kHz. The peaks look broader than the one in Fig.4.12 (a). 
In addition, many minor peaks can be observed from these two plots. All these 
are typical characteristics of non-linear dynamic systems. 




Fig.4.14 Dynamic response and characteristics of the 1-DOF model for the slider with 
Hp=30.6 nm at the initial conditions of h0=3 nm and v0=1 mm/s: (a) FH in time domain; (b) 
phase portrait of the FH; (c) amplitude of FH in frequency domain; and (d) potential energy 
curve of the system with bi-stable equilibriums. 
 
The non-linear behaviors can be explained by the potential energy of the 
system.  Fig.4.13 (d) and Fig.4.14 (d) plot the potential energy curve of the 
system for the slider with a protrusion height of 30.6 nm. There are two 
minimum potential points in the curve (Points 1 and 2 indicate the bi-stable 
equilibriums) and one maximum potential point (Point 3 indicates the unstable 
equilibrium). At the beginning of motions, the system has sufficient kinetic 
energy to overcome the depth of the potential wells which are the potential 
differences between Points 1 and 3, and Points 2 and 3, respectively. Large 
vibrations at the beginning of the motions indicate that the slider jumps 
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energy of the system is dissipated until it is insufficient for the slider to jump 
out of the potential wells. The FH will then converge to one of the stable 
equilibriums, depending on the initial condition. The above analyses suggest 
that the existence of multiple stable equilibriums of the system may be one of 
the mechanisms for the bouncing or instability of the slider at near contact 
regime. 
4.2.2 2-DOF Non-linear Model 
The 1-DOF model oversimplifies the dynamics of air bearing sliders, 
and is not accurate enough for simulations. A 2-DOF model is developed 
which includes the motions in the vertical and pitch directions, as shown in 
Fig.4.15.  
 
Fig.4.15 Sketch of the 2-DOF non-linear model 
 










































































 where h and  are the position of mass center and the pitch angle of the slider; 
the slider’s equivalent mass mh and equivalent moment of inertia m  are 1.18 
x 10
-6




, respectively; the damping constants Dh and 
D are 0.05 kg/s and 5 x 10
-9
 kgm
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13 N/m and 4.6 x 10
-5
 Nm/rad, respectively. Similar to the case of the 1-DOF, 





























),(   (4.5) 
The parameters ar and br can be obtained by using similar estimation method 
as the one in 1-DOF model. Fig. 4.16 plots the estimated interacting force and 
pitch torque functions of the FH and pitch angle of the slider. 
 
Fig. 4.16: Estimated interacting force and pitch torque with respect to FH and pitch angle. 
 
 Fig.4.17 shows the dynamic response of the 2-DOF model for the slider with 
Hp=30.6 nm when the initial FH is 1.2 nm and the initial pitch is 88 µrad. The 
initial velocities in vertical and pitch directions are zero. It can be seen that the 
slider has small vibrations and the FH and pitch quickly converge to the steady 
values of 1.07 nm and 88.7 µrad, respectively. Two peaks at 100 kHz and 210 
kHz can be observed from the FH and pitch plots in the frequency domain, 
which represent the resonant frequencies of the P1 mode and the P2 mode. It 
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can be seen that P2 frequency is close to the double of P1 frequency.  
 
Fig.4.17 Dynamic response 2-DOF model for the slider with Hp=30.6 nm at the initial 
conditions of h0=1.2 nm, θ0=88 µrad, and vh=vθ=0. (a, b) FH and pitch in time domain; (c, d) 
phase portrait of the FH and pitch; (e, f) FH and pitch in frequency domain. 
 
However, when a small change is made on the initial condition, the dynamic 
response of the slider exhibits totally different features. Fig.4.18 and  show the 
results when the initial pitch is changed to 90 µrad and 92 µrad, respectively, 
and other system parameters and initial conditions are kept unchanged. Large 
vibrations of slider in both FH and pitch directions can be observed in . Such 
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system with the damping. From the phase portrait of the FH, it can be seen 
that the slider vibrates around the two attractors at h=1.07 nm and h=-0.39 nm, 
respectively. From the spectrum of FH and pitch shown in Fig.4.18 (e) and (f), 







harmonics at 216 kHz, 324 kHz and 432 kHz, respectively, which agree with 
the phenomenon observed from the experiments in Regime II of Fig.4.9. 
 
Fig.4.18 Dynamic response 2-DOF model for the slider with Hp=30.6 nm at the initial 
conditions of h0=1.2 nm, θ0=90 µrad, vh=vθ=0: (a, b) FH and pitch in time domain; (c, d) 
phase portrait of FH and pitch; (e, f) FH and pitch in frequency domain. The slider bouncing 













Fig.4.19 Dynamic response 2-DOF model for the slider with Hp=30.6 nm at the initial 
conditions of h0=1.2 nm, θ0=92 µrad, vh=vθ=0: (a, b) FH and pitch in time domain; (c, d) 
phase portrait of FH and pitch. The large vibrations occur within the first 0.055 ms and then 
gradually subside. 
 
The 2-DOF model describe by Equation (4.3) is a damped autonomous 
system. Usually its vibrations will decay as a result of the dissipation of 
energy, just like the vibrations shown in Fig.4.17. However, Fig.4.18 shows 
that the system can sustain a quasi-steady state vibration. This indicates that 
the system is in the self-excited vibration state, i.e. the energy dissipated due 
to damping of the system is balanced by the energy obtained from the outside 
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non-linear system meets certain conditions. One of the important conditions 
for the self-excitation of this system is the internal resonance. It happens when 
the P2 frequency is a multiple of the P1 frequency. The energy will be 
exchanged between these two modes at the internal resonance state, and the 
amplitudes of vibrations of these two modes vary slowly, as shown in the 
phase portrait plots of Fig.4.18. The self-excitation vibrations of this 2-DOF 
system greatly depend on the system parameters and initial conditions. As 
shown in Fig.4.19, when the initial pitch is changed to 92 µrad, the self-
excited vibrations last for only 0.055 ms. The system stiffness varies due to 
change of the vibration amplitude, so that the system no longer matches the 
self-excitation conditions. As a result, the slider continues to slide on the disk. 
 
4.3. Effects of Air-Bearing Design on Touch-down Signature 
To avoid excessive vibrations during the initial contact state, one 
possible solution is to alter the air-bearing surface design in order to avoid the 
internal resonance condition. In order to illustrate the concept, an alternate air-
bearing design was selected and compared to the existing design. The alternate 
design was sourced among several commercially obtained air-bearing designs. 
Simulations were performed based on the designs and an alternate design with 
non-internal resonance case (P2 frequency is not the multiples of P1 
frequency) was selected. The air-bearing designs are shown in Fig.4.20. The 
existing design is labeled as ABS-1 and the alternate design is labeled as ABS-
2. Air-bearing modes of the two designs were obtained by simulations, based 
on the method illustrated in section 4.1.1. Three different magnitudes of 
excitations were given to simulate the cases of “near contact”, “mild contact” 
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and “heavy contact”. Fig.4.20 shows the P1 and P2 modes variation for the 
three cases. It is shown that the multiples of P1 (3xP1) for ABS-1 matches 
closely with the P2 mode at “near-contact” and “mild contact” cases, hence 
fulfilling the internal resonance condition (P2 ≈ multiples of P1 and, therefore, 
P1 and P2 can excite each other and enhance each other ). The multiples of P1 
for ABS-2 do not match with the P2 mode and hence avoiding the above 
mentioned internal resonance effect. 
 
Fig.4.20 two types of ABS studied: (a) ABS-1, (b) ABS-2 
 
 
Fig.4.21 Simulated pitch modes at three different states for (a) ABS-1 and (b) ABS-2. The 
excitation for “near contact”, “mild contact” and “heavy contact” are vertical speed 1mm/s, 
pitch and roll angular speed 2 rad/s, vertical speed 1mm/s, pitch and roll angular speed 3 
rad/s, and vertical speed 5 mm/s, pitch and roll angular speed 5rad/s, respectively. 
 
Fig.4.22 shows the experimentally obtained LDV RMS trends of the two 
air-bearing designs. The touch-down vibration of ABS-1 was significantly 
(a) ABS-1 (b) ABS-2
P1 (kHz) P2 (kHz) Roll (kHz)
ABS-1 101 291 92
ABS-2 100 220-240 90
P1 (kHz) P2 (kHz) Roll (kHz)
ABS-1 101 291 92
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larger compared to that of ABS-2 and the trends exhibited during initial 
contact were very different. The RMS amplitude monitored during the touch-
down process of ABS-1 was a sudden overshoot in magnitude (about 20 times 
larger) after onset of the contact, and subsequently reducing in vibration 
magnitude as the touch-down depth is further increased. In contrast, ABS-2 
exhibited signature of gradual increase in vibration magnitude to almost 
double of the initial vibration during contact (see Fig.4.22 inset). Although the 
initial contact signatures were very different, it is noted that the differences in 
vibration magnitudes between ABS-1 and ABS-2, as TFC increases beyond 
the “bouncing” regime, were greatly reduced. This suggests that the effect is 
limited to the initial contact state. One of the possible reasons for the abrupt 
vibration reduction for ABS-1 can be the avoidance of the internal resonance 
as the heavier contact increases the TE stiffness and causes the P2 mode to 
shift from the multiples of P1 mode. 
 
Fig.4.22 Touch-down signature of ABS-1 and ABS-2. It is noted that ABS-1 exhibits sudden 
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Fig.4.23 Plots of various interactions for ABS-1 and ABS-2: (a) maximum pressure; (b) pitch 
angle; (c) roll angle; (d) van der Waals force; (e) electrostatic force; (f) contact force  
 
Other possibilities for a more stable contact signature were studied. 
Static simulations at different protrusion level were performed to obtain 
various interactions as plotted in Fig.4.23. At near contact condition (FH ~1.3 
nm), it is observed in Fig.4.23 (a) that the maximum pressure, which is the 
pressure under the protrusion bulge, of ABS-1 and ABS-2 are at 87.47 Pa and 
110.74 Pa, respectively. The pitch angles of ABS-1 and ABS-2, as shown in 
Fig.4.23 (b), are 90.81 µrad and 84.13 µrad, respectively, while the roll angles 
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(c)). The van der Waals force (FvdW) and the electrostatic force (Fes) of both 
ABS-1 and ABS-2 are shown in Fig.4.23 (d) and Fig.4.23 (e). It is noted that 
the FvdW are quite similar between ABS-1 and ABS-2, with a difference of 
about 1 mgf. Similarly, the difference in Fes for ABS-1 and ABS-2 are also 
about 1 mgf. The contact force (Fc) difference between ABS-1 and ABS-2 at 
near-contact region is also insignificant at only 0.3 µgf. Comparing to the total 
adhesive force (FvdW + Fes) of around 30 mgf, the total difference of 2 mgf in 
adhesive force between ABS-1 and ABS-2 is of less significant effect.  
On the other hand, the differences observed between the two air-bearing 
designs in terms of maximum pressure, pitch and roll angles are of higher 
possibilities of affecting the contact signatures. The near-contact stability and 
the magnitude of the initial contact bouncing depend on the protrusion 
stiffness (maximum pressure) to withstand the interference of various 
interactions such as the adhesive forces and the contact force. On the other 
hand, smaller pitch and roll angle will provide better fly stability due to more 
uniform stiffness across the air-bearing. All these are possible reasons for 
ABS-2 to become more stable at near-contact and contact regimes. Although 
lower pitch angle is favorable for fly stability, it is highly subjected to op-
shock failure and is more sensitive to altitude. The increase in air-bearing 
stiffness provides better stability during flying and is highly favorable for 
ultra-low spacing HDI. Perhaps a concern of such implementation is the lack 
of a distinct touch-down signature due to its gradual RMS increase signature. 
From the RMS plot of ABS-2 shown in Fig.4.22, it is observed that there is no 
longer a significant distinction provided by the RMS trend to identify the 
contact bouncing regime and subsequent stable regime. Such trend triggers the 
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need of a sensitive methodology to monitor the head-disk interactions at near-
contact and contact regimes. The issue will be the main discussions in Chapter 
7 of the current thesis. 
 
4.4. Chapter Summary 
With the implementation of TFC technology, an excessive bouncing 
regime was identified during the initial contact state. A stable regime claimed 
as the lubricant surfing regime was observed as the thermal power applied to 
TFC slider pushes the contact beyond the bouncing regime. It is important to 
understand the observed phenomena in order to provide feasible solutions to 
minimize the instability during the initial state of head-disk contact, hence 
avoiding abrupt transition to severe instability and also providing smooth 
transition from fly to surfing state. The current chapter studied the dynamics 
of the TFC slider at near-contact and contact regimes. Determination of air-
bearing modes by simulation was demonstrated. Experimentally observed 
bouncing during the initial contact state were quantitatively studied using 1-
DOF and 2-DOF non-linear models. The results suggested: 
1) The existence of multiple equilibriums of the slider air-bearing system 
is one of the main reasons for the observed bouncing. The self-excited 
vibrations that occur when specific conditions such as the internal resonance 
are met can be another.  
2) Stiffness, damping and the initial conditions are the main factors 
affecting such self-excited vibrations.  
3) An air-bearing design with higher stiffness and air-bearing modes 
avoiding the internal resonance conditions was examined and proven that 
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excessive vibrations during the initial contact state can be greatly reduced by 
such design. However, the high stiffness air-bearing exhibited the signature of 
gradual RMS increment during contact, hence triggers the need of a highly 
sensitive detection methodology to monitor head-disk interactions at the near-
contact and contact regimes. 
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5 ELECTROSTATIC FORCE MANIPULATION 
METHODOLOGY FOR HEAD-DISK INTERACTIONS 
MONITORING 
_______________________________________________________________ 
The excessive bouncing of the slider during the initial contact state was 
studied in Chapter 4. The reduction in contact bouncing magnitude of the new 
air-bearing design triggers the need of a methodology with angstrom level 
spacing change sensitivity to monitor head-disk interactions at near-contact 
and contact regimes. The detection and monitoring of the interactions are 
important because: 1) For conventional head-disk interface (HDI) scheme, the 
early detection of the interactions provides warning to back off the TFC power 
with precise protrusion control in order to avoid severe damages due to head-
disk contact; 2) Lubricant surfing recording technology requires such high 
resolution technology to differentiate contacts and contact depth at various 
regimes (flying, lubricant contact, solid contact). In Chapters 6 and 7, a 
methodology based on the electrostatic force manipulation (EFM) principles 
will be employed for the monitoring of the head-disk interactions at high 
spacing resolution, and also for the detection of head-disk contact and the 
precise determination of the lubricant surfing window. To facilitate the 
discussion in Chapters 6 and 7, the current chapter provides an overview of the 
EFM methodologies, which includes: 1) Methods to apply electrostatic force 
across the HDI and their mechanisms; 2) Effects of applying the electrostatic 
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force to different areas of the slider; 3) Spacing sensitivity of the methods and 
4) Experimental setup for HDI study.  
 
5.1 Electrostatic Force Manipulation (EFM) Methodology 
It has been discussed in section 2.5.3 that the major interactions of a 
HDI at near-contact condition are the van der Waals and the electrostatic 
interactions. The dominating component for the van der Waals force is the 
dispersive component, which arises from the instantaneous dipole moment of 
non-polar molecules. Considering the interface of two flat surfaces, the van 








Where A is the Hamaker constant, S is the surface area, and h is the spacing.  
The electrostatic interactions of the HDI are mainly due to the contact 
potential difference of the conductive materials of the head and the disk. The 
electrostatic force is related to the inversed square of spacing, as described 
below: 
 
    
     




where ε0 is the electrical permittivity of vacuum (8.854 x 10
-12
 F/m); εr is the 
relative dielectric permittivity; h is the spacing and Vc is the contact potential 
difference. As the fly-height (FH) is reduced to sub-3 nm, both the van der 
Waals and electrostatic interactions are very sensitive to small FH variation 
[20], and hence can be used to retrieve spacing information. Although van der 
Waals force has higher sensitivity towards spacing change due to its inversed 
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cube relationship, it is a function of spacing and cannot be manipulated [168] 
or controlled. On the other hand, the electrostatic force can be easily 
manipulated by providing an additional voltage source across the interface. 
Baumgart et al. applied the concept of manipulating the electrostatic force 
across the HDI to measure contact potential difference of the HDI [169]. The 
method proposed has concept similar to the Kelvin Probe Force Microscopy 
(KPFM) [170, 171], which is a common technique used to measure the contact 
potential difference of materials. Fig.5.1 illustrates the concept of a KPFM. It 
consists of a conductive tip separated from a sample surface by an air gap. 
This configuration effectively forms an equivalent capacitor, with the tip and 
sample surface act as the two conductive plates, and the air gap acts as the 
dielectric in between the two plates. 
 
Fig.5.1 a conceptual illustration of the Kelvin Probe Force Microscopy 
 
The force that acts on the tip and the sample surface consists of three major 
components [170]: 
                 (5.3) 
where FvdW is the van der Waals force, Fes is the electrostatic force, and Fvib is 
the force that vibrates the tip. An AC voltage (Vacsin(ωt)) and a DC voltage 














 gives the Fes at the tip-sample 
interface as [170], 





























where ε0 is the electrical permittivity of vacuum (8.854 x 10
-12
 F/m); εr is the 
relative dielectric permittivity; h is the spacing, A is the surface area, Vc is the 
contact potential difference, Vac is the applied AC voltage across HDI, and ω 
is the excited angular frequency. It is noted from equation (5.4) that the Vac 
applied across the interface generates oscillating electrostatic force at angular 
frequencies of ω and 2ω. The oscillating electrostatic force, which is a form of 
attractive force, causes the tip to be attracted closer to the sample surface 
periodically, hence results in small mechanical vibrations. Equation (5.4) 
shows that the amplitude of the electrostatic force excited mechanical 
vibration at the 1
st
 harmonic (ω) is related to the Vdc and Vc. When Vdc=-Vc, 
there is no 1
st
 harmonic oscillation. Hence by monitoring the tip vibration at 
the 1
st
 harmonic frequency and tuning Vdc slowly, Vc can be obtained as 
equivalent to the Vdc when minimum vibration at 1st harmonic is observed. 
This is the working principles of the KPFM. Another interesting phenomenon, 
which is one of the major reasons that the methodology is employed to 
monitor head-disk interactions in the current study, is the increasing force 
gradient that acts on the tip as spacing reduces. To illustrate the concept, 
Fig.5.2 shows a typical force-distance curve of a tip approaches a sample 
surface. From Fig.5.2, increasing attractive force is observed as the tip is 
approaching the sample surface until hard contact is achieved and repulsive 
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force dominates. Given a similar magnitude of mechanical vibration (Δh) 
provided by the external excitation, it is noted that the force gradient 
(F’=dF/dh) is significantly larger as the tip approaches the surface. 
This means higher spacing sensitivity (large variation in force over a small 
variation in spacing). Baumgart et al. employed such method for pre-contact 
detection [172]. However, the mechanisms of the method require further 
clarifications. In this chapter, both EFM methods proposed in [169] and [172] 
are studied. Detailed analysis of the head structure was conducted, and 
equivalent circuits were constructed to understand the mechanisms of applying 
the AC voltage across the HDI for EFM. 
 
Fig.5.2 A typical force-distance curve of an AFM tip approaching the samples surface [173] 
 
5.2 Methods to Apply and Manipulate Electrostatic Force across 
HDI 
For a typical HDI, the slider body is made of conductive material, 




5. Electrostatic Force Manipulation Methodology for Head-Disk Interactions Monitoring 
111 
 
a varying capacitance between the slider body and the conductive material 
(typically cobalt alloys) of the magnetic disk [169]. The setup of the method is 
shown in Fig.5.3(a) and is referred to as "suspension connection setup" in the 
following discussions. Another method to control the electrostatic force across 
HDI is by supplying the AC voltage to the conductive elements at the pole 
region of the slider. In particular, an AC voltage can be supplied to the heater 
element of the slider to manipulate the electrostatic force across HDI [172]. 
The setup is shown in Fig.5.3(b) and is referred to as "heater connection 
setup".  
 
Fig.5.3 Experimental setup to apply electrostatic force (Fes) across HDI: (a) through 
suspension; (b) through TFC heater element. 
 
To further illustrate, cross-sectioned Scanning Electron Microscope 
(SEM) image of a typical pemto form factor (1.25 mm (L) x 0.7 mm (W) x 
0.23 mm (H)) TFC slider is shown in Fig.5.4(a). The TFC heater is identified 
and highlighted in the red rectangular box. Between the heater element and the 
slider-body, there are the writer return pole, and the two reader shields. The 
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sensor and can be treated electrically as one structure. Both the writer return 
pole and the reader shields structures extend to the air-bearing surface, and 
will be in close proximity to the disk surface during operation. For 
“suspension connection setup”, as AC voltage is applied to the slider-body, 
capacitance will be induced between the slider-body and reader shields (Crdr-
AlTiC), and the reader shields and the writer return pole (Cwrt-rdr). The writer 
return pole, the reader shields and the slider-body are in close proximity to the 
disk surface and hence each of them forms a capacitor effectively with the 
disk surface. They are referred as CHDI1, CHDI2 , and CHDI3, respectively. For 
“heater connection setup”, as AC voltage with frequency higher than the 
mechanical response of the TFC heater element is applied, additional 
capacitance effect will be induced between the heater and the writer return 
pole (Chtr-wrt), and subsequently Cwrt-rdr and Crdr-AlTiC. Similarly, the writer 
return pole, the reader shields and the slider-body form CHDI1-3 with the disk 
surface. The equivalent capacitor circuit of the HDI is depicted in Fig.5.4(b).  
Various elements at the pole region were exposed by carefully lapping 
the slider-head and SEM images of the elements were taken and shown in 
Fig.5.5. Based on the images, surface areas of the heater element, the writer 
return pole and the reader shields can be estimated, and the capacitance values 
can be calculated. The equivalent circuits for both suspension connection and 
heater connection setups are shown in Fig.5.6.  




Fig.5.4 (a) SEM cross-section image of a typical slider-head; (b) equivalent capacitor circuit 
of HDI with an AC voltage applied to the TFC heater element of the slider. 
 
 
Fig.5.5 SEM images of (a) heater element; (b) writer return pole. The area of the elements 
and the gap between the elements are estimated and shown. The two reader shields are 
connected via the TMR sensor. The resistance of the TMR is approximately 500 ohms and is 
negligible compared to the capacitor reactance. 
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Assuming FH of 10 nm, CHDI1, CHDI2 and CHDI3 are calculated to be 5.53 
fF, 8.32 fF and 10.34 pF, respectively. Considering an applied AC voltage of 
0.3 Vp, the voltage applied across CHDI1, CHDI2, and CHDI3 for both suspension 
connection and heater connection setups are calculated and shown in TABLE 
5.1. It reveals significant difference between the two setups in terms of 
distributions of the applied AC voltage to the branches of the circuit. In the 
suspension connection setup, majority of the AC voltage is distributed to CHDI3 
branch, followed by CHDI2 and CHDI1. In the heater connection setup, majority 
of the AC voltage is distributed to CHDI1 branch, followed by CHDI2 and CHDI3. 
It is important to understand the effects of such differences. It is also noted 
that the voltage applied across HDI will change with increasing thermal 
protrusion, as modification of the shape of the protrusion and the distance 
between the slider-head and disk will modify the capacitance across the HDI. 
In order to understand such complex mechanisms, air-bearing simulations that 
considers various interactions of the HDI is employed to investigate the effects 
of applying electrostatic potential to different area of the air-bearing slider. 
TABLE 5.1: Voltage applied to CHDI for Suspension connection setup and Heater connection 
setup 
 Vpp-HDI1 (V) Vpp-HDI2 (V) Vpp-HDI3 (V) 
Suspension connection setup 0.26 0.39 0.6 
Heater connection setup 0.25 0.13 0.005 
 
5.3 Effects of the Electrostatic Force applied to the trailing pole 
region and the slider body 
For both methods to apply electrostatic force across the HDI, CHDI can 
be separated into two main portions: one forms capacitance between the pole 
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area and the disk, the other forms capacitance between the slider-body and the 
disk. The effects of applying a voltage to different region of the slider were 
investigated using in-house "ABSolution" air-bearing simulation software. 
Various head-disk interaction forces such as the van der Waals, the 
electrostatic, and the contact forces were considered in the simulation. The 
roughness effect was considered based on probability model [124]. The air-
bearing design of the slider, as shown in Fig.5.7(a), was captured by Zygo 
interferometer and imported into the software. The surface roughness of the 
slider and disk used in the experiment were measured using atomic force 
microscopy (AFM) and input into the simulation software. The roughness 
parameters of the slider and disk are shown in TABLE 5.2. 
TABLE 5.2: Roughness Parameters of Disk and Sliders 
 Rq (nm) Ra (nm) Rmax (nm) 
Disk  0.159 0.126 1.843 
Head 0.268 0.209 2.384 
 
Dynamic simulations were performed by using a TFC protrusion profile 
as shown in Fig.5.7(b). The protrusion was increased from 20 nm to 38.8 nm 
for the 1
st
 300 µs, stayed at protrusion of 38.8 nm for 400 µs, and retracted 
back to 20 nm within 300 µs. Two cases were considered in the simulation. 
For case 1, DC electrostatic potential was applied to the pole region (DC-Fes-
pole) with area of 10 µm x 20 µm (see Fig.5.7(a)). For case 2, DC electrostatic 
potential was applied to the whole slider body (DC-Fes-body) with area of 1.19 
mm x 0.7 mm. DC electrostatic potential of 0.3 V was applied for both cases. 




Fig.5.7 (a) Schematic showing the slider air-bearing design and the regions that the 
electrostatic force is applied to in this study; (b) Dynamic simulation profile showing 
protrusion % versus time. 
 
Fig.5.8  shows FH, pitch and electrostatic force plots with respect to 
time. In both cases the slider settles at FH of about 1 nm after 300 µs, and 
“snaps” to disk surface or touch-down at about 350 µs. The head-disk contact 
remains until about 800 µs, when the protrusion is retracted and the slider is 
able to take-off again. In Fig.5.8 (a), the case of DC-Fes-pole shows gradual 
increase of the electrostatic force as FH reduces (negative values of the 
electrostatic force represent the force in attracting direction). During touch-
down, the FH drops from about 0.9 nm to -0.3 nm. The negative FH can be 
considered as the contact depth here. It is noted that the electrostatic force 
changes correspondingly from 0.01 mN to 0.03 mN. This shows that the 
electrostatic force applied to pole region is sensitive to spacing. Fig.5.8 (b) 
shows electrostatic force plot of case 2, where the electrostatic force is applied 
to the slider-body only (DC-Fes-body). The electrostatic force is observed to be 
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area. However, it is observed that the electrostatic force decreases slightly as 
FH reduces, and subsequent touch-down increases the force slightly from 
0.016 mN to 0.017 mN. 
 
Fig.5.8 FH, pitch and Fes plots versus time for (a) Fes applied to pole region (DC-Fes-pole) (b) 
Fes applied to slider-body (DC-Fes-body). 
 
Similar dynamic simulations with additional AC voltage applied to a 
specific area of slider are performed. The amplitude and frequency of the 
applied AC voltage is 0.25 Vp and 83 kHz, respectively. Fig.5.9 shows the 
results for AC voltage applied to the pole region (AC-Fes-pole) and AC voltage 
applied to the slider body (AC-Fes-body). The results again confirm that the case 
of AC-Fes-pole has higher sensitivity to FH change. In addition, obvious 83 kHz 
vibration can be observed at relatively large FH for the case of AC-Fes-body (see 
magnified circle of Fig.5.9(b)), suggesting slider dynamics alteration even at 
























































































Fig.5.9 FH, pitch and Fes plots for (a) AC voltage applied to slider pole region (AC-Fes-pole); 
(b) AC voltage applied to slider-body (AC-Fes-body) 
 
As the magnitude of the electrostatic force is closely related to FH, the 
insignificant change or slight reduction of electrostatic force for DC-Fes-body 
and AC-Fes-body, with respect to spacing reduction, is postulated as due to 
insignificant FH change of the slider body during TFC contact. FH of several 
slider coordinates (see Fig.5.7(a)) at the slider body, along the vertical 
symmetrical line of the slider, are plotted with respect to gap FH (FH at the 
maximum protrusion point) and shown in Fig.5.10(a). It is shown that the 
coordinates at the trailing edge (TE) of the slider body is generally shifting up 
or staying stationary as gap FH reduces, with the exception of coordinates X, 






















































































Fig.5.10 (a) FH changes at various slider coordinates versus protrusion FH; (b)Fes for 
trailing and leading area with respect to FH 
 
It is known that increasing protrusion results in higher pressure under 
the protrusion bulge, and hence results in the “push up” effect that reduces the 
pitch angle [174]. It is suggested that such “push up” effect causes the FH 
increment for major portion of the sider body at the TE, as illustrated in 
Fig.5.10(a). Such effect can be the reason for the slight decrease of the 
electrostatic force for DC-Fes-body and AC-Fes-body as the slider protrusion 
approaches the disk surface. However, it is noted that with increasing 
protrusion, the FH of the leading edge (LE) will be reduced as the pitch angle 
is reduced, hence causing the electrostatic force to increase instead. To 
confirm which effect dominates, electrostatic force is applied to trailing area 
(X: 0.6-1.2 mm, Y: 0-0.7 mm) of the slider body (see Fig.5.7(a)), and 
compared with the case that the electrostatic force is applied to leading area 
(X: 0-0.6 mm, Y: 0-0.7 mm) of the slider body. As shown in Fig.5.10(b), the 
electrostatic force reduction at the trailing area, as FH decreases, is more than 
the electrostatic force increment at the leading area. This is reasonable as the 
FH is relatively high at LE, the effect on the electrostatic force is small. Hence 
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electrostatic force for the case of DC-Fes-body and AC-Fes-body as spacing 
reduces. 
To understand the effects of AC-Fes-body on pitch motion, as shown in 
Fig.5.9(b), AC voltage of 0.5 Vp is applied to the trailing area (X: 0.6-1.2 mm, 
Y: 0-0.7 mm) and the leading area (X: 0-0.6 mm, Y: 0-0.7 mm) of the slider, 
respectively, to magnify the effects of the AC voltage on the pitch motion. 
Fig.5.11 plots the first 500 μs of slider pitch motions for the two cases. 
Although 83 kHz modulation can be observed for both trailing area and 
leading area, the case where voltage is applied to the leading area is affected 
severely. The leading area is more susceptible to vibration as the air-bearing 
stiffness is lower, hence it is important that careful calibration of the amplitude 
and frequency of the applied AC voltage to be carried out before applying AC 
voltage to the slider body. The pitch motion for the case of AC voltage applied 
to the pole region (AC-Fes-pole) is also included in Fig.5.11. No significant 
effect of the pitch motion is observed. 
 
Fig.5.11 Plots of slider pitch for AC voltage applied to various regions of the slider. The plots 
are stacked up with offset of 10 µrad for visual clarity 
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5.4 Evaluating Spacing Sensitivity 
Spacing sensitivities for the cases of AC-Fes-pole and AC-Fes-body are 
compared. In Fig.5.12 (a), contact force is plotted concurrently with FH for 
AC-Fes-pole case. The apparent touch-down occurs at around 350 µs. However, 
it is noted that intermittent contact, or light contact, happens earlier at around 
280 µs. Due to the sensitivity of the AC-Fes-pole to FH variation, the magnitudes 
of the 1
st
 harmonic and the 2
nd
 harmonic increase significantly during touch-
down when the FH decreases suddenly from 0.9 nm to respective contact 
depth. It is noted that based on the 1
st
 harmonic and the 2
nd
 harmonic peaks at 
83 kHz and 166 kHz, light and intermittent contact starting at around 280 µs 
can be detected with good resolution. On the other hand, as shown in Fig.5.12 
(b), it is revealed that negligible change in the electrostatic force is observed 
for the case of AC-Fes-body, and no significant signature can be captured during 
touch-down. 
 
Fig.5.12 FH, contact force and time-frequency plot for Fes for the case where AC voltage is 
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From the simulations, it can be concluded that the spacing sensitivity of 
the EFM method is mainly contributed by the TFC protrusion area, due to the 
fact that the spacing change happens mainly at this area. Although the slider 
body has larger surface area, the insignificant FH change at the slider body 
produces low spacing sensitivity, and the large surface area might cause 
significant dynamic alteration when AC voltage is applied. From these 
conclusions, it is suggested that the heater connection setup is more effective 
and should be employed for the study of head-disk interactions at near-contact 
and contact regimes. 
 
5.5 EFM Experimental Setup 
To apply the EFM methodology for HDI study, a Guzik V2002 
spinstand system was setup according to the schematic shown in Fig.5.13. The 
grounding structure of the spin stand system is modified to bypass the 50 kΩ 
internal resistor, in order to avoid voltage to be distributed to the resistor, 
hence affecting the sensitivity of the detection system. In the current setup, 
there is no additional treatment to isolate the slider from ground. With the 
slider body shorted to ground, CRdr-AlTiC and CHDI3 can be eliminated and 
ignored. Such arrangement has minor effects as majority of the electrostatic 
charges are concentrated at the trailing region of the slider. A function 
generator was used to supply DC and AC voltage components to the TFC 
heater element. The DC component contributes to physical thermal protrusion 
and causes spacing reduction. The AC voltage generates a periodic 
electrostatic force excitation across the HDI. The periodic electrostatic force 
results in a small FH modulation at pre-determined frequency. The frequency 
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of the AC voltage needs to be higher than the response frequency of the TFC 
heater, which has relatively slow response in the range of several kHz. As the 
AC voltage supplied to the TFC heater is having a frequency higher than the 
TFC response frequency, the heater will still produce a protrusion 
corresponding to the DC equivalent of the AC voltage, but it is not responding 
according to the oscillation of the AC signal which has a frequency beyond its 
response frequency. However, the AC voltage supplied will alter the 
electrostatic force between the slider and the disk and hence generate a small 
slider vibration at the AC frequency. On the other hand, in order to allow the 
slider to respond mechanically to the alternating electrostatic force, the 
frequency of the AC voltage need to be within the range of air-bearing 
frequency response, which is typically less than 500 kHz. The frequency 
selection should also avoid the various vibration modes that can be easily 
excited when the slider is in close proximity to the disk, in order to avoid 
excessive vibrations at the AC frequency during contact. The amplitude of the 
AC voltage was calibrated after the AC frequency was determined to provide 
sufficient modulation while not impacting the HDI severely to cause early 
contact. During the experiments, a laser dopper vibrometer (LDV) system is 
setup, and the laser beam of the LDV system was focused vertically at the 
trailing region of the slider to obtain in-situ slider out-of-plane velocity. The 
Fast Fourier Transform (FFT) spectra were obtained from the velocity signals. 
The 1
st 
harmonic vibration magnitudes of the excited frequency at different 
TFC power settings were extracted from the LDV FFT spectra. 




Fig.5.13 Experimental setup of the EFM methodology 
 
Fig. 5.14 shows an example of the experimental results with the plots 
of the 1
st
 harmonic and 2
nd
 harmonic magnitudes with respect to increasing 
heater power. The AC voltage applied is 0.3 Vp with frequency of 83 kHz after 
calibrations. The experiment is conducted at track radius of 25 mm, and the 
disk rotational speed is 5400 RPM. The air-bearing design used in the 
experiment was similar to the design studied by simulation, which is shown in 
Fig.5.7. From Fig.5.14, it is noted that the 1
st
 harmonic magnitude increases 
gradually due to increasing interactions as the heater power increases and 
approaching near contact regime. Such trend provides information of the head-
disk interactions before contact. During contact at about 102 mW, significant 
increase in the 1
st
 harmonic can be observed due to strong head-disk 
interactions. The trend of 2
nd
 harmonic magnitude is not obvious before 
contact. This agrees with the simulation results. It is noted that the magnitude 
of the 2
nd
 harmonic is about an order smaller than the 1
st
 harmonic. Such 
magnitude is smaller than the slider vibrations; hence it is insignificant before 
VDC + VAC
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contact. However, the increase of the 2
nd
 harmonic is obvious during contact. 
This is due to the combined effects of increasing electrostatic interactions and 
also the commonly observed non-linear contact stiffness phenomenon [172]. 
In the next chapter, the EFM method will be employed to study the effects of 
minute change in interfacial roughness on the head-disk interactions at near-
contact and contact regimes. 
 
Fig.5.14 Experimental results showing the 1st harmonic and the 2nd harmonic magnitudes 
with increasing heater power 
 
5.6 Chapter Summary 
In view of the demand of a method to monitor head-disk interactions 
with high resolution and sensitivity, the principles and mechanisms of the 
EFM methodology were investigated. The work can be summarized as the 
followings: 
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circuits of two possible setups to apply electrostatic force across the HDI 
and this cross-section work helps to achieve better understanding and 
proper configuration of the equivalent circuits for the disk-head-slider-
suspension system.  
2) AC voltage applied to the slider-body or the heater element is able to 
manipulate the electrostatic force across the HDI and therefore, 
manipulate the head-disk spacing. However, the electrostatic force 
distributions for the two setups (suspension-connection setup and heater-
connection setup) are quite different.  
3) Based on simulations, significant difference in spacing sensitivity was 
confirmed between the cases of applying the electrostatic force through 
the pole region and through the slider-body. It was revealed that AC 
voltage applied across HDI via the pole region produces electro-
dynamically excited 1
st
 harmonic and 2
nd
 harmonic vibration peaks, which 
were very sensitive to spacing. Applying similar AC voltage across HDI 
via the slider-body produced similar vibration peaks. However, the 
vibration peaks were insensitive to spacing, and might affect the pitch 
motion of the slider.  
4) The simulation results were verified by experiment. The experimental 
setup and methodology were discussed. 
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6 STUDY OF HEAD-DISK INTERACTIONS WITH 
ATOMICALLY SMOOTH DISK SURFACE 
_______________________________________________________________ 
The intrinsic slider and disk topographies define the physical limit of 
how low a slider is able to fly over the disk without physical contact. From 
such perspective, minimization of the interfacial roughness aligns with the 
direction of head-disk spacing reduction. For lubricant-surfing scheme, the 
interfacial roughness is also an important parameter to be controlled for 
maintaining sufficient surfing depth window. The existence of the stable 
surfing window requires minimum contact force from asperity contacts, hence 
avoiding excessive contact vibrations. Given the current lubricant thickness of 
about 1 to 2 nm, the interfacial roughness requirement will be in the atomic 
scale. However, as the head-disk mechanical spacing is reduced to sub-2 nm, 
the roughness of the interface limits the fly height (FH) not only by means of 
physical contacts, but also as a critical parameter that affects the intensity of 
the short-range interactions between the slider and disk [10, 175]. Simulation 
works that study the roughness effects of ultra-low spacing head-disk interface 
(HDI) had been reported: Lee et al. [176] studied the adhesive effects on 
flying-height modulation using the tri-state dynamic model and suggested that 
surface topography is one of the critical parameters that affect the stability at 
ultra-low spacing. Suh et al. [20] pointed out that inclusion of roughness 
effects is important to study ultra-low flying head-disk interface (HDI) and to 
predict the realistic onset of contact. They studied the roughness effects on 
adhesive force. As shown in Fig.6.1 they discovered that for rough surfaces, 
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larger adhesive forces were observed at a relatively higher FH, but for the 
smooth surfaces, stronger adhesive interactions were observed as spacing was 
reduced to a critical value. Based on the probability model, Hua et al. [177] 
studied the influences of surface topography at sub-3 nm spacing, on much 
smoother interfaces. They discovered similar trend of roughness effects on 
adhesive forces.  
 
 
Fig.6.1 Effects of interfacial roughness on adhesive force at various spacing. The disk 
roughness used for case 1, 2 and 3 are shown as disk 1, 2 and 3 respectively. For each case, 
adhesive forces predicted by the Improved Sub-boundary Lubrication (ISBL) model [20] and 
the proposed improved Derjaguin-Muller-Toporov (IDMT) model [20] are shown. The slider 
roughness is consistent across the three cases as shown in the table. 
 
There are relatively less reported experimental results in this area. One 
critical challenge is the lack of sensing methodology that is able to provide 
pre-contact information. Conventional detection systems commonly available 
for HDI studies, such as the laser doppler vibrometer (LDV) and acoustic 
emission (AE), provide valuable vibrational information after touch-down, but 
no information is available before the touch-down event. The electrostatic 
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force manipulation (EFM) methodology, as discussed in Chapter 5, is able to 
provide information of HDI before the touch-down event. In this chapter, the 
EFM methodology, as discussed and confirmed in Chapter 5, was employed to 
investigate the interfacial roughness dependent phenomena observed at near-
contact and contact regimes. The importance of the study lies on the 
understanding of the interactions at near-contact and contact regimes, with 
interfacial roughness down to the atomic level. To facilitate the discussion, 
this chapter starts with a brief description of the experimental setup and 
simulation platform, followed by the discussion on the design and preparations 
of the disk samples. Various phenomena observed due to the effects of disk 
surface roughness on head-disk interactions were then explained and discussed 
with the support of the simulation results. The results of the works assist to 
understand the below: 
1) As the interfacial roughness reduces, it is critical to understand how the 
adhesive force of the atomically smooth interface at near-contact 
regime impacts the stability of the TFC slider.  
2) As the lubricant surfing scheme requires interfacial roughness down to 
atomic level, it is important to understand the roughness effects on 
such head-disk interactions to suggest the feasibility of the surfing 
scheme. 
 
6.1 Experimental Setup and Samples Preparation 
6.1.1 EFM Methodology Setup 
 The experiment setup was as described in section 5.5 of the current 
thesis. Pemto form factor (1.25 mm (L) x 0.7 mm (W) x 0.23 mm (H)) thermal 
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fly height control (TFC) sliders with air-bearing design ABS-2 previously 
shown in Fig.4.18 were used in the experiments. During experiment, the test 
radius was 23 mm with zero skew angle and disk rotational speed of 5400 
RPM. An AC voltage of 0.3 Vp at 85 kHz was used as the electrostatic force 
excitation source. The FH modulations were monitored by the LDV velocity 
signals. For each TFC power, Fast Fourier Transform (FFT) spectra were 
obtained from the velocity signals. Thirty readings were collected and 
averaged to reduce background noise. The 1
st 
harmonic vibration magnitudes 
were plotted against the TFC power for analyses. The calibration of the 
relative FH change per mW TFC power was performed based on the Wallace 
spacing loss equation [146]. 
6.1.2 Simulation 
Static and dynamic simulations were performed using the "ABsolution" 
air-bearing simulation software developed in Data Storage Institute, 
Singapore. Details of the simulation platform and the models employed can be 
obtained in section 3.3 of the thesis. A fixed disk waviness profile with 
average amplitude of 0.15 nm and width and length of 0.7 mm and 60 mm, 
respectively, was introduced. Disk and slider roughness parameters were 
obtained by atomic force microscopy (AFM) measurements and used 
accordingly. Electrostatic potential is set at 0.3 V and Hamaker constants A 
and B in the van der Waals force model are 6.42 X 10
-20





[179], respectively. For dynamic simulations, the simulated time frame 
was 0.5 ms. 
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6.1.3 Disk Samples Preparation and Roughness-Spacing Relationship 
Disk surface roughness comes from two factors, substrate roughness and 
roughness increase caused by the growth of various functional and protective 
layers over the disk substrate surface. The smallest disk surface roughness for 
a given substrate can be obtained by directly coating surface protective layer 
onto the disk substrate. Therefore, Ta/a-C:Hx/a-C:Nx protective layers were 
sputtered on glass disk substrates directly using Intevac Lean 200 sputtering 
system. The disk roughness was controlled by varying the Ta adhesion layer 
thickness. 2.5 nm diamond-like carbon (DLC) was coated and 1.3 nm Z-tetraol 
lubricant was dip-coated. To avoid static and dynamic roughness effect caused 
by mobile lubricant, the disks were de-lubed by dipping in Vertral-XF. 
Roughness was measured by AFM. Scan of 1μm X 1μm at around the middle 
diameter of the disks were performed (middle diameter zone is selected for 
experimental study, as mentioned above). The disks were then labeled as disks 
A, B and C in increasing order of roughness from 0.16 nm to 0.37 nm. Slider 
surface roughness at the protrusion area was measured. The roughness (Ra) of 
the slider and the disks are plotted and the roughness parameters are shown in 
Fig.6.2. Deposition process and characterization details of the self-fabricated 
disks and the roughness measurement details were presented in section 3.7 of 
the thesis. 
Assuming the surface roughness of the slider and the disk are Gaussian 







) [180] and achievable mean-plane spacing could be 
estimated by using a contact probability model, based on the slider and disk 
surface roughness probability distributions [110]. The estimated achievable 
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mean-plane spacing for disks A, B and C are shown in Fig.6.3. From statistical 
viewpoint, the mean-plane spacing corresponding to the first onset of contact 
is set at the 3-σ point [21], where 0.27% of the asperities are in contact. 
 
 
Fig.6.2 Roughness of the disks and head measured by AFM 
 
It is shown in Fig.6.3, purely from the asperities contact viewpoint, the 
minimum mean-plane spacing achieved by disks A, B, and C are 0.95 nm, 
1.25 nm and 1.55 nm, respectively. About 0.3 nm mean-plane spacing gain 
can be obtained from each roughness category. With the samples, it is possible 
to study the interactions of a sub-1 nm spaced head-disk interface (Disk A), as 
















Disk Parameters Rq Ra Rmax
Disk A Mean 0.209 0.164 2.072
Std 0.028 0.021 0.324
Disk B Mean 0.332 0.264 2.653
Std 0.037 0.029 0.235
Disk C Mean 0.466 0.371 3.641
Std 0.027 0.022 0.019
Head Mean 0.268 0.209 3.641
Std 0.019 0.018 0.118




Fig.6.3 Estimated mean-plane spacing versus combined roughness, based on roughness 
contact probability model 
 
6.2 Experimental Results and Discussion 
6.2.1 Determination of the Touch-down Point (TDP) 
Two methods were employed in the experiments to determine the touch-
down point (TDP). The first method is the conventional method that triggers 
TDP based on the 1
st
 pitch magnitude [145, 29]. The second method is to 
utilize the electrostatic force excited 2
nd
 harmonic peak, which occurs due to 
non-linear contact stiffness [172]. Fig.6.4 shows the magnitude trend of the 
above mentioned two parameters with respect to the TFC power. For the 1
st
 
pitch method, it is observed that the TDPs for disks A, B, and C are 94.16mW, 
91.27mW, and 89.84mW, respectively. They represent TDP differences of 
0.13 nm to 0.28 nm between each category, and the trend closely resembles 
the estimated trend based on the contact probability model as smoother surface 
should be able to support smaller touch-down head-disk spacing or larger 
touch down power of TFC slider. The 2
nd
 harmonic method, on the other hand, 
does not match the predicted values. It is noted that the TDPs for disks A, B, 
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and C are 89.84 mW, 89.14 mW and 91.27 mW. The discussions about the 




 pitch mode magnitude versus TFC power, (b) 2
nd
 harmonic magnitude versus 
TFC power. The TDPs determined by the two methods are different. 
 
6.2.2 Near-contact Phenomena 
The 1st harmonic vibration magnitudes of disks A, B and C are plotted 
with respect to the TFC power, as shown in Fig.6.5 .The following 
observations are noted: 
1. The 1st harmonic vibration magnitude increases gradually with the 
increased of heater power. However, significant changes of the 1
st
 
harmonic magnitude trend can be observed for disk C at around 80 
mW TFC protrusion power (see Fig.6.5 inset) , disk B at around 82 
mW, and disk A at around 84 mW, respectively. This suggests that 
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interfacial roughness increases. It is also observed that disk C shows 
the largest 1
st
 harmonic magnitude, followed by disk B and A, given 
the same TFC power.  
2. When the slider was approaching TDP, experimental data occasionally 
showed significant dips in the 1
st
 harmonic vibration for disks A and B, 
but insignificant dip for disk C (see Fig.6.5 ). 
 
Fig.6.5 Experimental results showing 1
st
 harmonic vibration magnitude with respect to TFC 
power. The touch-down points (TDP) are circled. 
 
6.2.3 Simulations and Discussions 
Head-disk interactions at sub-3nm head-disk spacing are dominated by 
the adhesive forces [20, 19]. The adhesive forces (Fad) considered in HDI are 
mainly the electrostatic (Fes) and the van der Waals (FvdW) forces. As 
discussed in Chapter 5, Fes and FvdW vary inversely with the square and the 
cube of the FH, respectively. This means that lower FH will results in larger 
Fad variation per FH change (dFad/dFH). As the 1
st
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function of dFad/dFH, the vibration increases as the TFC power increases. The 
trend is observed in Fig.6.5 . The relationship of the Fad and the FH was 
obtained by static simulation and plotted in Fig.6.6 . Here FH refers to the 
distance between the roughness mean planes of the slider and that of the disk 
surfaces, hence negative FH is possible at deep contact, where significant 
amount of asperities of both surfaces overlap each other. The adhesive forces 
for disks A, B and C at FH above 2.5 nm are not shown in the plot as they are 
quite small and comparable between the disks. As the FH approaches 2 nm 
and below, significant difference in adhesive forces between disks A, B, and C 
can be observed. It is observed from Fig.6.6  that disk C has the largest Fad 
initially, till a critical-FH value of about 0.45 nm, after which Fad of disk A 
exceeds that of disk C and becomes the largest in magnitude.  
 
Fig.6.6 Static simulation showing adhesive force with respect to minFH 
 
As the applied electrostatic force excitation results in a periodic FH 
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dominates the effect on the 1
st 
harmonic vibration magnitude. Fig.6.7  shows 
the gradient plot against FH. It is observed that as long as the slider is flying at 
and above FH of about 1.05 nm, disk C will have the largest 1st harmonic 
vibration (dFad/dFHdiskC>dFad/dFHdiskA). The simulation result infers that the 
slider touches down at FH of 1.05 nm and above in the experiment, as the 
1
st
harmonic vibration magnitude, which is proportional to the dFad/dFH, does 
not show an intersection point between disks A, B and C. The results also 
match with the contact probability model predictions, in which the mean-plane 
spacing values of disks B and C are limited at above 1 nm. Such inference 
suggests that the future HDI with conventional flying scheme will encounter 
and need to balance the dilemma of interfacial roughness reduction that will 
lead to unfavorably strong interactions. As the slider is flying at the region 
below the intersection point of dFad/dFH (FH < 1.05 nm), it will require good 
air-bearing design to provide tight control of FH modulation in order to 
harvest the topography advantage. 
 

















Disk A-Ra = 0.128 nm
Disk B-Ra = 0.195 nm
Disk C-Ra = 0.221 nm
1.05 nm
6. Study of Head-Disk Interactions with Atomically Smooth Disk Surface 
138 
 
To verify and understand the dip events (2
nd
 experimental observation) 
at near TDPs for disk A and B, dynamic simulations were performed at 
different protrusion level. FFT spectra were obtained from the simulated time-
domain FH data. The 1
st
 harmonic vibration is then extracted from each FFT 
spectrum and plotted against min FH as shown in Fig.6.8 . 
From Fig.6.8 , vibration dips are observed on all disks: the largest dip 
was observed for disk B, and a relatively small dip was observed for disk C. 
Although the results do not match numerically, qualitative comparison shows 
that the simulated trend closely conforms to the experimental results.  
 
Fig.6.8 Dynamic simulation showing 1st harmonic vibration magnitude with respect to min 
FH. Different magnitude of 1st harmonic vibration dips are observed for disks A, B and C. 
 
With reference to the time-domain plots where the vibration dips 
occurred, it was found that the vibration dip events for all three disks coincide 
with the observation of abrupt transitions from positive FH state to negative 
FH state (see Fig.6.9 ) in time-domain plots, signifying transition from the 
3
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stable fly state to the abrupt contact state, often referred as “snapping”. The 
“snapping” event had been studied previously and it had been concluded as a 
phenomenon observed when Fad increases beyond a threshold at certain 
critical FH [19, 175]. When the slider “snaps” and contacts the disk, slider 
vibration is limited by the contacting asperities and resulting in the observed 
vibration dip. Such vibration limiting at the early stage of contact is commonly 
observed [181]. The magnitude of the 1
st
 harmonic vibration dip depends on 
the ratio of the time when slider is in contact state to the total acquisition time. 
It is clear that the minimum dip on disk C is related to the higher probability of 
bouncing back to stable fly condition after contact, as shown in Fig.6.9 (c). As 
the slider “snaps” and transits to contact state, which is at the regime below 
the critical FH of 0.45 nm, as shown in Fig.6.6 , a smooth surface has larger 
Fad that assists continuous head-disk contact until sufficiently large contact 
force (Fc) or disk surface topography excitation to release it. On the contrary, a 
rough surface has smaller Fad and hence has higher probability of releasing 
from contact state. Both experimental and simulation results show that disk B 
has the highest dip. This suggests that there will be an optimum balance 
between Fad and Fc; at which the slider is able to sustain the longest duration 
of in-contact state. 
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6.2.4 Roughness Effects on Contact Stiffness 
Returning to the discussion on the stiffness-based touch-down detection 
method using the electrostatic force excited 2
nd
 harmonic peak (see Section 
6.2.1), it is observed that the 2
nd
 harmonic TDP of disk C occurred after large 
1
st
 pitch vibration state was detected, while 2
nd
 harmonic TDPs of disks A and 
B occurred at relatively lower 1
st
 pitch vibration state. As the TDP is based on 
non-linear contact stiffness, the observation suggests that contact of smooth 
surfaces possesses higher stiffness as compared to contact of rough surfaces. 
Such conclusion agrees with the work reported in [182].  





 harmonic), and based on the observations from simulation 
studies, the following conclusions can be postulated:  
1) For rough surface (disk C), the 1st pitch mode was detected first as 
instability occurred at higher FH due to stronger interactions at near-
contact regime (above the critical-FH). Significant 2
nd
 harmonic peak 
was detected later due to lower contact stiffness of rough surface 
(require higher intensity of contact before sufficient contact stiffness to 
be detected). 
2) For smooth surface (disk A), the 1st pitch mode was detected later due 
to less interactions at near-contact regime. However, significant 2
nd
 
harmonic peak was detected earlier due to higher contact stiffness. 
3) It is noted that disk A had low 1st pitch vibration when significant 2nd 
harmonic peak was detected, and it took about 5 to 6 mW increase in 
TFC power before the abrupt vibration of 1
st
 pitch mode was detected. 
It is known that Fad is stronger when the slider moves away from the 
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disk, as compared to when it snaps towards the disk. This phenomenon 
is termed as hysteresis [183]. Such hysteresis effect becomes more 
prominent for a smooth surface as the dFad/dFH is higher. This means 
a small vibration can be sustained for smooth disk during contact, as 
the large adhesive hysteresis allows for storage of energy, but transits 
abruptly to large vibration once the hysteresis effect is overcome.  
 
6.3 Chapter Summary 
In this chapter, the EFM methodology was employed to study 
interaction forces of HDI at near-contact and contact regimes. Three 
phenomena were revealed and discussed:  
1) Early observation of the 1st harmonic vibration and larger 1st 
harmonic vibration at a given protrusion are observed on rough 
surface at near-contact. This was attributed to the slider operating at 
the FH range where dFad/dFH is larger for rough disk. Such 
conclusion infers that as the future interfacial roughness is reduced to 
a critical limit where the dFad/dFH of a smooth disk is larger than the 
rough disk, conventional flying scheme will face critical challenges to 
ensure good stability at near-contact regime. From lubricant surfing 
scheme perspective, the conclusion suggests that optimum 
topography and air-bearing designs are important to provide smooth 
and stable transition from the “flying” state to the “surfing” state. 
2) A dipping event near TDP is concluded as related to the “snapping” 
event. The dipping magnitude is Fad and Fc dependent and hence 
surface roughness dependent. To sustain the “snapping” condition, an 
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optimum balance between the Fad and Fc is required. The existence of 
such optimum balance point during contact also suggests the 
possibility of sustaining a stable “surfing” state at lubricant-contact 
regime. 
3) Non-linear contact stiffness based contact detection is more sensitive 
for smooth surface; hence TDP was triggered at relatively lower 
vibration. Due to the high stiffness and more prominent adhesion 
hysteresis of the smooth surface, a regime with small vibration can be 
observed even at touchdown. Such observation suggests smoother 
surface is preferred for lubricant surfing scheme as it provides a 
larger window for stable “surfing”. However, it is observed that 
abrupt transition to contact with significantly increased vibration 
amplitude can be observed for smooth interface, once the adhesive 
force is overcome. 
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7 DETERMINATION OF SLIDER-LUBRICANT CONTACT 
REGIME 
_______________________________________________________________ 
Lubricant contact recording or lubricant surfing recording has been 
proposed as one of the possible head-disk interface (HDI) schemes for future 
Hard Disk Drives (HDD) [27]. One of the challenges to enable lubricant 
surfing scheme is to develop proper methodology which can precisely identify 
slider-lubricant contact regimes. In this chapter, a highly sensitive 
methodology, based on the sideband around the electrostatic force excited 1
st
 
harmonic peak, is proposed to identify slider-lubricant contact regimes at 
angstrom resolution. Slider-lubricant interactions, from light intermittent 
contact to stable contact, can be clearly identified using the method. A new 
lubricant surfing regime was discovered, using self-fabricated atomically-
smooth disks. The surfing regime occurs at the transitional state between 
intermittent slider-lubricant contact and solid-solid contact. Feasibility of the 
surfing regime and the topography effects on the surfing window were studied 
and will be discussed. 
 
7.1 Background of Lubricant-Surfing Recording Scheme 
Following the implementation of the thermal fly-height control (TFC) 
technology, feasibility of contact recording scheme was reviewed [26]. The 
scheme was proposed and aggressively studied before, but many tribology 
challenges still remain unsolved [184, 185]. Using the stability advantage and 
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angstrom level spacing precision of recent TFC technology, the contact-
recording concept was revoked and redefined. In particular, Liu et al. proposed 
lubricant-surfing recording scheme and demonstrated a relatively stable 
regime by TFC “overpush” beyond the bouncing regime [27]. Yu et al. [28] 
and Vakis et al. [186] performed detailed simulation to confirm feasibility of 
such bounce to stable lubricant-surfing condition. They observed that head-
disk contact consists of three distinct regimes: 1. Flying regime; 2. Contact 
bouncing regime and 3. Steady sliding regime. It was suggested that surfing 
state exists in between flying and bouncing states or further protrusion beyond 
bouncing [186]. Canchi et al. showed that the lubricant-surfing phenomenon is 
slider air-bearing design dependent [29], and later explained that the transition 
from large bouncing to relatively stable state is mainly the effect of internal 
resonance [162]. Experimental results by Canchi et al. [29], Yu et al. [12], and 
Shimizu et al. [145] suggested that the excitation of the 1
st 
pitch air-bearing 
mode coincides with the large bouncing of initial slider-lubricant contact, 
followed by excitation of the 2
nd 
pitch mode, when steady sliding is observed. 
High non-linearity was reported during the bouncing regime [12], while large 
friction force was observed at steady sliding regime, suggesting solid-solid 
contact [145]. Recently, Chen et al. claimed a stable regime about 65 mW 
overpush beyond touch-down point (TDP) as lubricant surfing regime [187]. 
Li et al. proposed two possible lubricant surfing regimes [188], and 
recommended the light slider-lubricant contact regime to be a feasible 
solution, as the regime exhibits insignificant wear over long duration.  
The lubricant surfing scheme involves a small area (micrometer sized, as 
compared to millimeter sized slider body) of TFC protrusion to be submerged 
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into the mobile lubricant layer during write/read operation, hence allowing 
further reduction of head-disk spacing, but yet preventing excessive wear due 
to solid-solid contact. To achieve lubricant surfing, contact detection 
methodology with high sensitivity and resolution to determine the narrow 
lubricant surfing window is essential. Conventional contact detection methods 
elaborated in Chapter 3 are lacking of the required resolution to identify the 





modes might be possible to identify bouncing regime and steady sliding 
regime [12, 145] but the method lacks the capability of clear identifying  the 
lubricant surfing regime, which presumably exists in between bouncing and 
steady sliding states.  
 
7.2 Experimental Setup 
7.2.1 Electrostatic Force Manipulation (EFM) Methodology Setup 
The EFM methodology setup is similar to that introduced in Chapter 5 
and Chapter 6. Pemto form-factor sliders with ABS-2 shown in Chapter 4 
were used in the experiment. The air-bearing vibration modes were obtained 
using the "ABSolution" air-bearing simulation software, and the 1
st
 pitch and 
2
nd
 pitch modes of the sliders were determined to be 88 kHz and 290 kHz, 
respectively. The Optical Surface Analyzer (OSA) was used to inspect the disk 
surface for any slider-induced lubricant modulation or contact, and also to 
measure lubricant contact depth after careful calibration with X-ray 
Photoelectron Spectroscopy (XPS) and ellipsometry. 
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7.2.2 Atomically Smooth Disk Preparation 
Disks with different roughness values were sputtered; the roughness is 
controlled by the adhesion layer, which consists of 36 nm of NiTa for smooth 
disks, and 5 nm of Ta for rough disks. A total of 4 nm thick a-C:Hx / a-C:Nx 
diamond-like carbon (DLC) layers were sputtered on top of the adhesion layer. 
Z-tetraol lubricant of 1.3 nm thick was dip coated on disk surface. As 
presented in section 3.4, the thickness of the DLC layer was fixed at 4 nm to 
minimize the surface energy contribution from the different adhesion layers 
[151]. The lubricant bonding ratio was about 60%. Slider and disk roughness 
were measured using atomic force microscopy (AFM) with 1 µm x 1µm scan 
area, and shown in Fig. 7.1. 
 
 Rq (nm) Ra (nm) Rmax (nm) 
Disk – NiTa 0.159 0.126 1.843 
Disk – Ta 0.209 0.164 2.072 
Head 0.268 0.209 2.384 
Fig.7.1 Roughness parameters of disks and sliders 
 
7.3 Sideband Phenomenon and Mechanisms 
The experiment was done by applying a step-up DC voltage of 0.01V to 
heater, together with the applied AC voltage (0.3Vp, 83 kHz). Dwelling time 
for each step was 25 ms. Time-domain LDV signals were captured for each 
step and frequency analyses were performed. Fig.7.2 shows frequency 
analyses with respect to TFC power increment. The test was conducted on the 
in-house fabricated NiTa disk. Common touch-down signature of 1
st
 pitch air-
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bearing mode at 86.3 kHz and 2
nd
 pitch air-bearing mode consisting of wide 
frequency band ranging from 220 kHz to 260 kHz can be observed at about 





 harmonic peaks at 83 kHz and 166 kHz, respectively, can be observed 
from Fig.7.2, after the AC voltage is applied across the HDI. By zooming into 
frequency range of 82.5 kHz to 86.5 kHz (see Fig.7.2), multiple sidebands 
around the excited 1
st
 harmonic peak (83 kHz) are clearly visible. The 
occurrence of the sidebands came earlier than the other common touch-down 
signatures, including the 1
st
 pitch mode, the 2
nd
 pitch mode and the 2
nd
 
harmonics peak, and hence a potentially better candidate for sensitive touch-
down detection.  
 





 pitch modes, and the electrostatic force excited 1
st
 harmonic and 2
nd
 harmonic 
peaks can be observed at near-contact and contact regimes. Significant sidebands were 
observed around the 1
st
 harmonic peak during contact. 
Sidebands
1st Pitch (86.3 kHz)
2nd Harmonic (166 kHz)
1st Harmonic (83 kHz)
2nd Pitch (220-260 
kHz)
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After some verification, the sidebands’ frequencies and amplitudes were 
confirmed to be correlated to the disk rotational harmonics and their 
amplitudes. Fig.7.3 compares the LDV FFT spectra obtained from the slider 
trailing edge (TE) and the disk. From the slider TE spectrum (see Fig.7.3(a)), 
sidebands can be observed at 83.09 kHz, 83.18 kHz, 83.27 kHz and so on. It is 
noted that the sidebands are 90 Hz apart from each other. On the other hand, 
the disk spectrum, as shown in Fig.7.3(b), also consists of repeatable vertical 
vibrations of 90 Hz and its harmonics.  
To further confirm, FFT spectrum of the slider TE was obtained at 
rotational speed of 7200 RPM and compared with the case at 5400 RPM, as 
shown in Fig.7.4. Fig.7.4(b) shows the case of 7200 RPM (120 RPS). The 
frequencies of the sidebands were observed to have shifted upwards to values 
that are in multiples of 120 Hz (the sideband at 120 Hz apart from the 1
st
 
harmonic peak is not visible due to low disk rotational 1
st
 harmonic peak, as 
shown in Fig. 7.3 (b)). The shifting of the sideband frequencies confirms that 
the sidebands are related to the disk rotational frequency. 
 
Fig.7.3 (a) FFT spectrum captured from the LDV with laser on slider TE; (b) FFT spectrum 
captured from the LDV with laser on spinning disk. Sideband peaks observed around the 1
st
 













Fig.7.4 Sidebands were confirmed related to harmonics of disk rotational frequency as shown. 
(a) sidebands frequencies are multiples of 90 Hz for 5400 RPM; (b) sidebands frequencies are 
multiples of 120 Hz for 7200 RPM. 
 
The coupling of the disk rotational frequencies with the excited 1
st
 harmonic 
peak can be understood in this way: Fig.7.5(a) shows a slider flying steadily 
on the disk. The disk possesses vertical run-out and disk waviness, with their 
wavelengths within the air-bearing frequency response range. Hence, at 
sufficient FH, the slider is able to follow the topography of the disk without 
contacting the disk. As slider is getting closer to the disk surface, the disk 
micro-waviness, typically with wavelength of 100 µm to 400 µm, might excite 
the slider vibration modes and cause slider fly instability. On the other hand, at 
extremely small head-disk spacing, the slider is subjected to the van der Waals 
forces, the electrostatic force, the contact force and the friction forces that 
might affect stability of the slider and cause head-disk contact. These forces 
can be drastically changed by the topography of the disk. For example, high 
asperities at specific locations of the disk might generate a sudden increase in 
contact and friction forces, resulting in slider fly instability. Fig.7.5(b) shows 
the slider contacting specific locations of the disk during initial contact state. 
At the initial state of contact, the slider will be in-contact with specific 
83 kHz
83.18 kHz 83.27 kHz
83.09 kHz 83 kHz
83.24 kHz 83.36 kHz
(a) 5400 RPM / 90 RPS (b) 7200 RPM / 120 RPS
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locations of the disk that have the highest interferences. These contact events 
produce contact bouncing of the slider at these locations for every disk 
revolution. Together with the small oscillations excited by the applied 
electrostatic force, such repeated contact bouncing produces a modulating 
signal related to the disk rotational frequency and its harmonics, and appear as 
the sideband peaks around the electrostatic force excited 1
st
 harmonic peak in 
slider vibration spectrum. Hence, it is inferred that the sideband magnitude 
observed during contact is in fact a measure of how closely the slider 
movement conforms to the disk topography at a particular contact state. 
 
Fig.7.5 (a) Schematic showing slider is capable of following the disk surface profile and flying 
steadily, (b) Schematic showing slider is in contact at specific location of the disk surface, 
resulting in contact bouncing. 
 
Further investigation revealed interesting phenomenon of the sideband 
magnitude trend with respect to TFC power. Shown in Fig.7.6, the sidebands 
increase initially (TP1), peak at TP2 after 5 mW overpush from TP1, and 
eventually reduce to almost non-visible (TP3) at about 10 mW overpush. To 
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and TP3 were applied for 25 ms for three separate disks. The disks were then 
removed from the spinstand and were inspected using OSA.  
 
Fig.7.6 OSA inspection of disk at (a) TP1, (b) TP2, and (c) TP3 confirms initial increase and 
subsequent suppression of sidebands represent the transition of intermittent slider-lubricant 
contact state to stable slider-lubricant contact state. 
As shown in Fig.7.6(a), contact state TP1 shows very light intermittent 
slider-lubricant contact. Contact state TP2 (see Fig.7.6(b)) consists of severe 
intermittent slider-lubricant contact, while contact state TP3 (see Fig.7.6(c)) 
shows stable contact of the slider and the lubricant. Such observations confirm 
the initial rise of sidebands as a result of slider bouncing due to intermittent 
slider-lubricant contact, and subsequent reduction of sidebands as a result of 
stable slider-lubricant contact. 
 
7.4 Lubricant Surfing Regime Identification 
The plot of sideband magnitude versus TFC power is shown in Fig.7.7, 
with states of TP1-TP3 marked. From the sideband trend, a relatively low 
magnitude regime can be identified at around TP3 regime. Large sideband 
magnitude is observed before the regime, while a gradual rise of the sideband 
is noted after the regime. Based on the OSA inspection results that confirmed 
TP1 TP2 TP3
(b) Bounce State (TP2)
(c) Stable State (TP3)
(a) Initial Contact State (TP1)
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the existence of stable lubricant contact in this regime, it is assumed that the 
lubricant surfing is possible within this regime if specific conditions are met. 
 
Fig.7.7 Sideband Magnitude versus TFC power 
 
To understand further, Fig.7.8 shows a conceptual schematic of the 
lubricant surfing scheme. Assuming the onset of contact and fly instability is 
set at the 3σ roughness point [21], the stable surfing window is the region 
below the -3σ of the lubricant roughness and above the +3σ of the DLC 
roughness. It is derived that the width of the surfing window can be altered by 
the disk roughness. The lubricant thickness is typically at about 1.3 nm 
currently, and assuming the roughness of the ultra-thin lubricant is the same as 
the DLC roughness, the 6σ roughness of both lubricant and DLC need to be 
<1.3 nm to provide a surfing window. In order to confirm the relationship of 
the TP3 regime (low sideband magnitude regime) with the surfing window, 
and then to study the roughness effects on the surfing window, disk samples 
with roughness values presented in Fig.7.1 were tested. The AFM measured 
0
0.0008
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root-mean-square values of the disk roughness (Rq) were 0.16 nm and 0.21 nm 
for NiTa disks and Ta disks, respectively. As noted, the 6σ roughness values 
of the disks are 0.96 nm and 1.26 nm, respectively. It is expected that lubricant 
surfing is possible for the NiTa disk as the 6σ roughness value is below 1.3 
nm. While the Ta disk 6σ roughness is close to the 1.3 nm limit, the chances 
of lubricant surfing should be slim and unlikely. 
 
Fig.7.8 A schematic illustrating a slider protrusion surfing on the disk. The surfing window is 
below the 3σ of the lubricant roughness valley and above the 3σ of the DLC roughness peak. 
 
Fig.7.9 shows experimentally obtained plots of sideband magnitudes 
with respect to contact depth for NiTa and Ta disks. The contact depth was 
correlated with the TFC power by Wallace spacing loss equation [146]. The 
TDP or zero depth point was determined by the sideband magnitude, and the 
threshold was set at 3σ above the nominal values of the stable fly state. As 
shown in Fig.7.9, the sideband magnitude of the NiTa disk increases after the 
on-set of contact and rises to its maximum at a depth of about 0.7 nm. The 
magnitude subsequently decreases to a stable regime starting at 0.98 nm and 
ending at a depth of 1.26 nm. A small increase and subsequent reduction in 
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“bump” from 1.26 nm to 1.51 nm. A 2nd stable regime is found after the small 
“bump”, followed by a gradual increase in the sideband magnitude.  
 
Fig.7.9 Sideband magnitude plots of (a) NiTa and (b) Ta disks with respect to contact depth. 
 
The sideband magnitude trend of the Ta disk shows the maximum 
sideband magnitude at 0.85 nm depth. A narrow 1
st
 stable regime is identified 
between 1.17 nm to 1.29 nm. A wide “bump” from 1.29 nm to 1.76 nm is 
observed, and followed by a 2
nd
 stable regime and a gradual increase in 
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 stable regime for both cases, i.e. 0.98 nm to 1.26 nm for NiTa, 
and 1.17 nm to 1.29 nm for Ta, lie within the lubricant layer, and hence can be 
confirmed to be in the state of lubricant contact. It is also noted that the on-set 
of the small vibration “bumps” for both cases are found at around 1.3 nm, 
which is at the disk’s lubricant-DLC interface regime. The observations 
suggest the possibility that the on-set of the disk DLC contacts results in the 
small vibration “bump”.  
To explain the relationship of the observed phenomena with roughness, 
Fig.7.10 shows the sideband trend scaled to the surface roughness of the disks. 
In Fig.7.10(a), the surface roughness of the NiTa disk is shown concurrently 
with the sideband magnitude plot. The blue dashed lines cover the ±3σ of the 
lubricant roughness. Here the lubricant roughness is assumed to be the same as 
the DLC surface roughness due to its small thickness [17]. The brown semi-
dotted lines cover the +3σ of the DLC roughness. Referring to the sideband 
magnitude trend, it is confirmed that the 1
st
 stable regime of NiTa disk from 
0.98 nm to 1.26 nm lies within the surfing window (within <-3σ of lubricant 
roughness, and >3σ of DLC roughness), hence it is in surfing state. The 
subsequent “bump” is found in the range where DLC roughness sets in, 
suggesting intermittent solid-solid contact. The subsequent 2
nd
 stable regime is 
found in the DLC layer, hence attributed to stable solid-solid contact between 
the slider-head and the disk DLC surface, resulting in steady sliding condition. 
The width of the bouncing regime, i.e. from 0 nm to 0.98 nm, is observed to 
be correlated to the ±3σ of the lubricant roughness in this case. The 
observation is reasonable, as when the slider protrusion is approaching a depth 
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that covers most roughness peaks of the lubricant, the well-conformed 
interface results in the minimum sideband magnitude. 
 
 
Fig.7.10 Schematic of disk roughness and respective sideband magnitude for (a) NiTa disk 
with lubricant thickness of 1.3 nm and Rq of 0.16 nm, (b) Ta disk with lubricant thickness of 
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Fig.7.10(b) shows the roughness of Ta disk with the sideband magnitude 
plot. As the +3σ of the DLC roughness is very close to the -3σ of the lubricant 
roughness, it is found that the sideband transits from the bouncing regime 
almost directly to the intermittent solid-solid contact regime (the “bump” 
zone), with a narrow surfing window of only 0.12 nm. The width of the 
intermittent solid-solid contact regime (1.26 nm to 1.76 nm) is about 0.47 nm, 
which is about two times wider than the NiTa disk. This is postulated as the 
higher roughness of Ta disk that results in the delay to achieve the optimum 
contact force for stable solid-solid contact. 
From the results, it is confirmed that the lubricant surfing window is 
highly dependent on the surface roughness. For the convenience of analysis, 
the lubricant roughness is assumed to be the same as the DLC surface 
roughness under thin lubricant film condition [17]. Therefore, the ±3σ of the 
surface roughness should be within the lubricant thickness in order to allow 
the head to surf in the lubricant layer. 
 
7.5 Slider dynamics at sideband defined regimes 





 pitch modes of air-bearing to understand the dynamics involved in the four 
regimes observed by the sideband trend. Fig.7.11 shows plots for the 
magnitudes of the sideband, the 1
st 
pitch and the 2
nd
 pitch. Comparing head-
disk contact detection sensitivity, it is confirmed that the sideband was capable 
to trigger touch-down with higher sensitivity and resolution. The 1
st
 pitch 
mode method was able to detect head-disk contact about 5 mW after the TDP 
was detected by the sideband method, which is equivalent to a significant 
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difference of 0.34 nm. The point where contact was detected by the 1
st
 pitch 
mode coincides with the highest point of the sideband, which signifies that the 
1
st
 pitch mode was able to detect contact only when maximum bouncing 
occurs.  
 
Fig.7.11 Sideband magnitude plotted concurrently with 1st pitch and 2nd pitch modes of 
slider's air-bearing. 
 
From Fig.7.11, it is noted that the initial increase of the 2
nd
 pitch mode 
happened when the sideband magnitude gradually reduced to lubricant surfing 
regime. It is known that the increase in 2
nd
 pitch mode is related to increased 
contact stiffness during contact [145]. The lubricant layer exhibits semi-solid 
properties under high shear conditions [189], and contact stiffness increases as 
larger area of slider protrusion submerges into the lubricant, resulting in the 
2
nd
 pitch mode magnitude increase. This suggests that although the surfing 
regime produces minimum vertical vibration, significant lateral friction force 
might contribute to the 2
nd
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protrusion beyond the surfing regime results in intermittent and subsequent 
solid-solid contact. The increase of the 2
nd
 pitch mode came to almost 
saturation at the stable solid-solid contact regime (see Fig.7.11). Such solid-
solid contact might incur substantial wear over long duration. 
 
7.6 Wear Assessments 
To further verify the feasibility of lubricant surfing, the slider was 
maintained in surfing state for 20 minutes, and wear depth of the lubricant on 
disk surface was measured by the OSA. The average lubricant wear depths of 
every 20 degree segments of the disk were analyzed and shown in Fig.7.12. It 
was found that the lubricant wear depth ranges from about 0.85 Å to 1.15 Å, 
which is within the lubricant layer thickness. Fig.7.13 shows the OSA Q-phase 
images of the disk captured immediately after the test, and 15 hours after the 
test. It was found that negligible or very faint wear line was observed from the 
disk after 15 hours. 
 




































































Fig.7.13 OSA Q-phase image of the NiTa disk (a) right after the spinstand test and (b) after 15 
hours dwell time. 
 
Due to the difficulties to accurately measure the minute wear of the 
slider protrusion using AFM, a spinstand test procedure using a reference track 
and a test track to isolate head-related wear [139] was conducted in order to 
evaluate head wear after lubricant surfing. The test procedure is described as 
follows:  
1) The slider was first loaded to the reference track and the TDP was 
obtained using the sideband method.  
2) The slider was then loaded to the test track and the TDP was obtained 
using similar method.  
3) The power applied to the TFC slider was increased to the accelerated 
wear point and sustained for 20 minutes.  
4) The TDP of the test track was measured again.  
5) The slider was loaded back to the reference track and the TDP was re-
measured.  
The difference between the TDPs of the test track before and after the 
accelerated test represents the wear contributed by both the slider-head and the 
(a)
(b)
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disk. The difference between the TDPs of the reference track before and after 
the accelerated test represents only the head-related wear; as the disk condition 
at the reference track can be assumed “un-changed”. By using this method, 
Fig.7.14 shows the slider-head wear and the corresponding disk wear for both 
surfing and solid-solid contact states. The surfing state was set at TDP + 12 
mW, and the solid-solid contact state was set at TDP + 40 mW. Obvious 
reduction in wear on both the head and the disk can be observed for lubricant 
surfing, as compared to the stable solid-solid contact. As shown in Fig.7.14, 
the head wear and disk wear after 20 minutes surfing were 0.13 nm and  0.18 
nm, respectively, while the head wear and disk wear after 20 minutes stable 
solid-solid contact were 0.65 nm and 0.6 nm, respectively. It is noted that the 
tests did not consider the effects of lubricant and surface changes after 
contacts that might affect the clearance or touch-down measurements, but the 
obvious difference in wear should be sufficient to cover the effects and 
suggest qualitatively accurate results. 
 
Fig.7.14 Accelerated wear test results for lubricant surfing and stable solid-solid contact. The 
lubricant surfing regime was set at TDP+12 mW, while the stable solid-solid contact was set 
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7.7 Chapter Summary 
In summary,  
1) A highly sensitive methodology based on EFM method was proposed 










peaks due to the applied electrostatic force, low frequency sidebands 
related to disk rotational frequency were observed around the excited 
peak during contact. It was observed that the initial increase and 
subsequent decrease of the sideband magnitudes represent the 
transition from bouncing lubricant contact to stable lubricant surfing.  
2) Based on the sideband magnitude, two types of disks with different 
roughness values were tested. The roughness requirements to enable 
the lubricant surfing are defined. Assuming the lubricant roughness is 
the same as the DLC roughness, there will be a lubricant surfing 
window if the 6σ of the roughness is within the lubricant thickness.  
3) Accelerated contact test of 20 minutes in the lubricant surfing regime 
showed contact depth of about 1Å. A series of spinstand test 
procedures were used to isolate and estimate head wear. It was found 
that the head wear is in the range of 1-2 Å after 20 minutes of surfing. 
The head and disk wear, based on the estimation, is about six times 
better than the solid-solid contact.  
We established and confirmed the feasibility of identifying the lubricant 
surfing regime and confirming topography specifications for the surfing state. 
Such results will push the lubricant surfing technology closer to reality. 
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8 CONCLUSIONS AND RECOMMENDATIONS 
_______________________________________________________________ 
8.1 Conclusions 
This thesis reports author's exploration of various solutions to achieve a 
highly robust atomically-spaced slider-disk system for future high density data 
storage applications. Aligning with the historical facts that the advancement of 
instrumentation allowed novel phenomena at nano-scale regime to be 
discovered, the various approaches taken in the current works were motivated 
towards exploring methodologies to observe minute changes of the head-disk 
interface (HDI) up to angstrom-level resolution, and subsequently to 
investigate and understand the phenomena observed, and to relate to possible 
solutions for implementation to the future head-disk system. 
Started off with clear definitions of the motivation and objectives of the 
thesis, the experimental setup and testing metrology were given. The 
simulation platforms and the models used in the simulation were explained. To 
obtain different interfacial roughness for the various studies in the thesis, the 
disks were in-house fabricated. The critical challenges faced by the author 
during the fabrication process include the characterizations of the angstrom 
level thickness of various films produced, and also the configurations and 
characterizations of the samples with minute variation in roughness (with Ra 
value around 0.1~0.22 nm).  
With the experimental setup and the in-house fabricated samples, the 
stability of the head-disk interface at near-contact and contact (lubricant 
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contact and solid contact) regimes was studied. The conclusions of the studies 
show the bi-stable equilibrium at contact regime and the possibility of self-
excited vibrations due to small perturbation such as the case of internal 
resonance are the main mechanisms of the initial contact bouncing. The 
magnitude of the contact bouncing can be greatly reduced by improving the 
air-bearing design to avoid the conditions of internal resonance and to provide 
higher air-bearing stiffness at the thermally protruded head area of slider body. 
It was noted that such implementation led to the need of a highly sensitive 
contact detection methodology. This led to the study of the electrostatic force 
manipulation (EFM) methodology for head-disk interactions monitoring. The 
principles and mechanisms to apply the electrostatic force across the HDI 
were studied and the equivalent capacitor circuits of the HDI were 
constructed. Based on simulation, it was found that applying an AC voltage to 
the TFC heater element generates an electrostatic force across the HDI, mainly 
through the pole elements. The electrostatic force distribution is concentrated 
at the thermally protruded head area, hence is highly sensitive to head-disk 
spacing variation. The method was applied to the spinstand platform and was 
proven capable of detecting minute change of head-disk interactions at near-
contact and contact regimes. Interfacial roughness effect on the head-disk 
interactions was then studied using the EFM methodology. The peak 
amplitude of the 1
st
 harmonic generated by such electrostatic force was found 
proportional to the force stiffness (dFad/dFH) and can be a good monitoring 
parameter for near-contact interactions. By observing the 1
st
 harmonic trend of 
three types of disks with different roughness values, and with the support of 
the simulation results, the studies suggested the on-set of contact involves 
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multiple “snap” incidents. For the HDI studied, the “snap” range was inferred 
to be as high as 1 nm. The studies also suggested that smooth disks have lower 
interactions at near-contact regime, but higher interactions at contact regime, 
hence resulting in large contact hysteresis. The large contact hysteresis enables 
a stable region during the initial contact state. Finally, a highly sensitive 
contact and contact regimes detection methodology based on the sideband 
around the electro-dynamically excited 1
st
 harmonic peak was proposed and 
presented. The principles and mechanisms of the sideband contact detection 
methodology were studied and discussed. Based on the methodology, four 
distinct contact regimes, i.e. the bouncing regime, the surfing regime, the 
intermittent solid-solid contact regime, and the stable solid-solid contact 
regime, can be clearly identified, using in-house fabricated smooth disk. The 
roughness effects on the surfing window were studied. It was found that the 
existence of the surfing window depends on the surface roughness. The 
minimum roughness criterion is to have the ±3σ of the surface roughness 
within the lubricant layer thickness. Accelerated wear assessments at lubricant 
surfing condition were conducted, and compared to the wear produced by the 
stable solid-solid contact. It was found that the wear amounts for both head 
and disk in lubricant surfing condition can be significantly reduced. The EFM-
based methodologies enable the identification of the lubricant surfing regime 
and also the detection of various tribological changes of the HDI at near 
contact and contact states. With such methodologies, the studies of lubricant 
surfing become feasible. The developed methodologies are critical to produce 
reliable and consistent study results, hence drive the surfing recording 
technology forward to realization. 




With the limited time scope of the current thesis, the followings are 
recommended as possible future activities: 
1. The reduction of interfacial interactions, especially the van der Waals 
force, the contact force and the friction force is the key factor to 
improve the head-disk interface stability at near-contact and contact 
regimes. Two possible solutions were proposed before, one is to 
deliberately reduce the area of contact, such as producing a small pad 
at the tip of the protrusion [190, 191], and another is by surface 
modifications to reduce the surface energy [192, 193]. However, the 
proposals incur additional layers between the head and the disk, hence 
adding to the head-disk spacing budget. An innovative solution is yet 
to be discovered. 
2. Based on the studies in Chapter 7, it was found that the lubricant 
regime exhibit low vertical vibration, but the substantial friction in the 
lateral direction will cause instability and wear. Further actions are 
required to minimize the friction force in the surfing regime. Studies of 
adhesion and friction properties of thin Perfluoropolyether (PFPE) 
lubricant were conducted [194], more works in this area are required to 
enable lubricant-surfing technology. 
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APPENDIX A: CURRENT AND FUTURE TECHNOLOGIES 
FOR AREAL DENSITY GROWTH (MAGNETIC 
PERSPECTIVES) 
____________________________________________________________________ 
The continuous increment of HDD capacity, which is mainly determined 
by the number of bits that can be packed in a unit area (areal density), is not 
only a result of clever engineering solutions, but also due to in-depth 
discovery and understanding of fundamental science. Magnetic recording 
principles, followed by current and future technologies that are critical for 
continuous growth of HDD areal density, will be discussed in the following 
sections. 
 
i. Principles of magnetic recording and evolutions of HDD magnetic 
components 
 
Fig. A-1 Writing and reading transitions using a longitudinal media [1] 
 
Discussion of the physics of magnetic recording can be found in several 
texts [2-5]. Fig. A-1 depicts the basic process of longitudinal magnetic 
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recording. The magnetic head and the storage disk medium are in relative 
motion during the process. During the write process, the current in the writer 
coil generates a magnetic field that magnetizes a region of the ferromagnetic 
medium. During the read process, the read sensor intercepts magnetic flux 
from the recorded magnetic patterns of the storage medium, and converts it 
into electrical signals, which will be decoded by the channel coding system. 
 
Fig. A-2 Hysteresis loops of "Hard" and "Soft" magnetic materials [6] 
 
Two types of ferromagnetic materials are used as the recording head and 
storage medium, respectively. Fig. A-2 shows hysteresis loops of the two 
types of ferromagnetic materials. The important parameters of hysteresis loop 
are the saturation magnetization (Ms), the remanent magnetization (Mr), and 
the coercivity (Hc). The remanent squareness (S = Mr/Ms), and the loop 
squareness (S
*
) given by 




  (    )
 (1.1)  
are both important parameters defining the properties of the storage medium. 
As the readback signal is proportional to the remanent magnetization Mr of 
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magnetic medium, hence “hard” ferromagnetic materials with high Mr are 
preferred. This leads to typical squareness requirement of ~0.85 and above. 
Magnetically “soft” materials have high permeability (easily magnetized), low 
coercivity Hc (low field required to reduce the magnetization), and low 
remanent magnetization Mr (low magnetization with no external field), hence 
it is suitable for head material. On top of this, the head material requires high 
saturation magnetization Ms, in order to provide large writing field.  
 
Fig. A-3 Magnetoresistive read head shielded by a permalloy yoke structure [6] 
 
Traditional HDD uses inductive transducer for both reading and 
writing, and the efforts during the first 35 years had been focused on 
miniaturizing the transducer with thin-film technology, which sustained 
compound annual growth rate of 40%. As areal density approaching Gigabit-
density, dual-element recording heads approach was employed [1], allowing 
the writer and reader to be designed and optimized separately. This led to 
implementation of Magnetoresistive (MR) read head in 1991, based on the 
Anisotropic Magnetoresistance (AMR) effect discovered in 1857. Fig. A-3 
shows a schematic of an MR sensor with side shields for resolution 
improvement. The physical origin of the magnetoresistance effect lies in spin 
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orbit coupling. A current i flows through the MR element and the field from 
the magnetic media causes the moment to rotate through an angle θ, deforms 
the electron cloud slightly, and hence affects the amount of scattering 
undergone by the conduction electrons, results in resistance change. The MR 
read sensor required a transverse bias field to linearize the MR characteristic 
[7], and a longitudinal bias field, by exchange coupling, to suppress 
Barkhausen noise effects [8]. The MR head technology had led to annual 
compound growth rate of 60% in early 1990s.  
Subsequent discoveries of Giant Magnetoresistance (GMR) and 
Tunneling Magnetoresistance (TMR) as magnetic read sensor accelerate the 
areal density growth further to compound annual growth rate of near 100%. 
Albert Fert and Peter Grunberg were awarded the Nobel Prize in Physics for 
the discovery of GMR, which indicates the significance of the technology to 
the HDD industry and information storage as a whole. Both GMR and TMR 
involve spin-dependent electron transport of two ferromagnetic layers 
separated by a thin non-magnetic spacer. For GMR, the spacer is a conductive 
layer such as Cu or Cr, while for TMR, the spacer is a thin insulator, typically 
AlO2 or MgO.  
Based on Mott’s model [9], the GMR effect can be explained using 
two current model. As magnetic moments of the two ferromagnetic layers are 
parallel, the spin-up electrons pass through without scattering as their spin 
direction is parallel to the magnetization. However, the spin-down electrons 
are scattered for both layers as the spin direction is anti-parallel for both 
layers. This configuration results in low resistivity as high conductivity is 
provided by the un-scattered path. On the other hand, as magnetic moments of 
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the two ferromagnetic layers are anti-parallel, both spin-up and spin-down 
electrons experienced scattering at one of the layers, hence results in high 
resistivity. Such high and low resistivity can be used in data storage as “0” and 
“1” states. To fully exploit the GMR effect in magnetic read sensor, spin-valve 
configuration is proposed by Dieny et al. [10]. As shown in Fig. A-4, the spin-
valve configuration uses an antiferromagnetic layer to exchange coupled with 
one of the ferromagnetic layers, resulting in the magnetization of the layer to 
be pinned at a fixed direction. When magnetic flux cuts through the sensor, 
only the soft layer responds to the field, while the pinned layer is not affected, 
hence provides maximum spin polarization resulting in high sensitivity.  
 
Fig. A-4 Spin-valve read head structure in magnetic head [11] 
 
TMR effect was first demonstrated by Julliere in 1975 [12]. Tunneling 
of electrons and hence electrical conduction is possible when two conducting 
ferromagnetic electrodes are separated by a thin dielectric layer of nanometer 
thickness. The electrical conductance is determined by the evanescent state of 
the electron at the junction [18]. TMR structure is similar to a GMR, but 
current in perpendicular-plane instead of parallel. Fig. A-5 illustrates the TMR 
effect. When there is a difference of the spin up and spin down electrons in 
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terms of electronic density of states (DOS) at the Fermi level EF, TMR effect 
will be observed. Change in resistance will be observed due to the parallel and 
anti-parallel configuration of the electrodes’ magnetization direction. 
Miyazaki and Tezuka discovered significant TMR ratio using amorphous 
AlOx as tunnel barrier in 1995 [13]. In 2001, Butler et al. proposed possibility 
of even higher TMR ratio with fully epitaxial Fe(001)/MgO(001)/Fe(001) 
based on theoretical calculation [14]. Successful demonstration of such 
prediction was published by Yuasa et al. [15] and Parkin et al. [16] in 2004. 
Yuasa et al. also discovered that large TMR effect can be achieved by 
CoFeB/MgO/CoFeB TMR structure due to good lattice matching. Recent 
research by Ikeda et al. [17] shows TMR of 600%. Implementation and 
various improvements on TMR read sensor continue to support HDD areal 
density growth until today. 
 
Fig. A-5 Illustration of TMR effect [19] 
 
The recording medium of HDD, put simply, is a rigid circular substrate with a 
film of magnetically hard material on top of the substrate. The rigidity of the 
substrates allows servo mechanisms to follow the narrow tracks with high 
precision, hence provides higher areal density. The first rigid disks used in 
RAMAC were 600 mm in diameter. Today, typical diameter for 3.5” HDD 
Appendix A: Current and Future Technologies for Areal Density Growth (Magnetic Perspectives) 
A-vii 
 
disks is 95 mm, while 65 mm disks are used in 2.5” HDD. For the first 25 
years of rigid disk technology, the magnetic coating technology was based on 
magnetic particle dispersions coated onto the substrates forming polymer-
particle composite structures.  The technology was soon replaced by thin film 
technology due to its limitation in areal density growth as metal films 
deposited by thin film technology have higher magnetization than the oxide 
film of particulate disk media. The magnetic properties of rigid-disk media can 
be discussed from the macroscopic and microscopic perspectives. The 
macroscopic perspective relates magnetic properties such as the earlier 
discussed coercivity (Hc), remanent magnetization (Mr), remanent squareness 
(S) and loop squareness (S
*
) with read-back performances such as amplitude, 
pulse width and resolution. During magnetic recording, the reversal of the 
writer current direction results in a magnetic transition to be recorded at a 
small region, typically called recording bubble, on the medium. Such 
transition is not perfectly sharp. Based on the Williams-Comstock Model [20], 
the transition parameter, a, equal to half the length of the transition zone, as 
shown in , can be described as 
 
  
(    )(      )
   
 √(
(    )(      )




     (      )
    
 
(1.2) 
where δM is magnetic layer thickness, h is the magnetic spacing, and Qh is a 
constant related to head geometry. Transition parameter, a, is a critical 
parameter to be reduced in order to increase the linear density (number of bits 
per unit distance along the data track). From equation (1.2), the possible 
directions to reduce a are by increasing the coercivity Hc without exceeding 
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the writability of the head, reducing δM and h, and by tuning Mr to provide 
sufficient signal without sacrificing the resolution.  
 
Fig. A-6 Schematic of the writing transition. The dash circle is the recording bubble, in which 
the head field is larger than Hc. Transition is generated at the trailing edge of the bubble. Hd 
is the demagnetizing field. [21] 
 
From microscopic perspective, the recording media have magnetic 
layer consists of weakly coupled magnetic grains as shown in . The medium 
consists of a CoPtCrX alloy thin film growing on top of complex underlayer 
structure to obtain the preferred crystallographic orientation, grain size and 
grain size distribution. The fine microstructures allow magnetic writing on any 
location at linear densities limited by the grain size. The magnetic transitions 
follow the grain boundaries ( inset), which is much like a zig-zag shape, 
instead of a straight boundary. As areal density increases by squeezing more 
bits in every square-inch of media, such zig-zag transition results in significant 
transition noise that affects signal-to-noise ratio (SNR), which is given by,  
 
    
              
   (    )
 
       
    (    )
 (1.3) 
where PW50 is 50% signal amplitude of the full pulse width, σ is the 
normalized grain size distribution width, Wread is the head read width, and 
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PW50/B = 3, α = a/D [23]. It is noted that grain diameter D is to the 3rd power 
and therefore it is very critical to reduce grain size as much as possible in 
order to improve SNR.  
 
Fig. A-7 Transmission electron microscope (TEM) image of CoCrPtB media. The inset 
schematic shows magnetic transition that follows the grain boundaries [22]. 
 
ii. Superparamagnetic Effect 
As the grain size reduces in order to improve SNR, the magnetization of 
the grains comes to a stage that it can be altered by thermal fluctuations. This 
phenomenon is referred to as “superparamagnetic effect”. Grain magnetization 






   (
  
   
) (1.4)  
where f0 is the attempt frequency, typically on the order of 10
19
 – 1012 Hz [25], 
kB is the Boltzmann’s constant, T is the absolute temperature. EB is the energy 
barrier required for magnetization reversal (Fig. A-8), which is given by 
 





 (1.5)  
where Ku is the magnetic anisotropy density, V is the grain volume, H is the 
intrinsic switching field, and the exponent n is typically 1.5 to account for the 
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2D random anisotropy axis distribution in isotropic longitudinal media [26]. 
By comparing equations (1.4) and (1.5), it is noted that as the grain volume V 
reduces, EB becomes smaller, which eventually can be disturbed by kBT and 
causes the magnetization to be unstable. 
 
Fig. A-8 Energy barrier required for magnetization reversal [27] 
 
The challenges to overcome the superparamagnetic effect and recording 
density can be considered as the “trilemma” between grain size, media 
anisotropy, and write magnetic field [28], as shown in Fig. A-9.  
 
Fig. A-9 Magnetic Recording Trilemma 
 
In order to have thermal stability, typical estimation of KuV ≥ 40-60 kBT is 





KuV = 40-60 kBT
Writability
H0 < Head Field
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option to prevent superparamagnetic effect. However, increasing Ku requires 
larger writer head field to switch the magnetization, which is limited by 
maximum saturation magnetic flux density (Bs) of 2.45 Tesla using alloy 
Fe65Co35 as pole material. Recently, a new concern called thermal writability 
was introduced by Evans et al. [30], which emphasize the need of having high 
Ms medium. This leads to considerations of “quadrilemma” instead of 
“trilemma” for recording density optimization.  
 
iii. Perpendicular Recording 
To further extend the areal density growth of longitudinal recording with 
substantial thermal stability, a clever design named antiferromagnetically 
coupled (AFC) media was proposed in early 2001 by IBM. AFC media consist 
of two magnetic layers, antiferromagnetically coupled though a non-magnetic 
Ru layer with thickness of about 0.6 nm. When the two magnetic layers are 
magnetized in antiparallel direction, the configuration allows effective 
magnetic thickness Mrδeff to be reduced to the difference between the Mrδ of 
the two coupled layers. The reduction of Mrδeff leads to small transition 
parameter, a, while the total physical thickness still sufficient to provide good 
thermal stability. The technology enables the extension of longitudinal 
recording until 2006, when first perpendicular recording product was 
launched, about three decades after the first proposal of perpendicular 
recording in the late 1970s [31]. Iwasaki and Takemura proposed 
perpendicular recording in the 1970s, as a solution to the problem of 
demagnetizing fields from longitudinal recording transitions. Later, the team 
further proposed perpendicular media structure consists of a CoCr magnetic 
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layer and a NiFe layer as soft underlayer (SUL), and several head designs for 
perpendicular recording, including the single-pole head design. Both double-
layer media and single pole head leads to the significant advantages of 
perpendicular recording and eventually the successful implementation into 
HDDs as one of the dominant technologies. Fig. A-10 compares the writing 
process of longitudinal recording and perpendicular recording. In longitudinal 
recording, the medium is magnetized by the weak fringing field of the writer. 
As for the perpendicular recording scheme, the SUL, being highly permeable, 
act as a magnetic mirror, resulting in the medium virtually placed in the gaps 
between the poles (single pole head and SUL), hence capable of stronger 
writing field. Studies had shown the perpendicular recording writing field can 
be doubled with single pole head and SUL configurations [32].  
 
Fig. A-10 Writing process in (a) longitudinal recording, (b) perpendicular recording 
Fig. A-11 shows a typical perpendicular media structure with several 
functional layers (in most practical designs, more than one layer might be 
involved for every function). The substrate is typically made of Al-Mg or 
glass with critical polishing and washing to provide ultra-smooth and particle 
free surface.  The adhesion layer made of Ta, Ti, or alloy of these materials, 
help to improve the adhesion of the SUL layer. On top of the SUL layer, some 
(a) SUL
(b)
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intermediate layers may be deposited to provide exchange decoupling of the 
SUL and magnetic layer, and also to provide epitaxial growth conditions for 
the recording layer. Sometimes, a seed layer may be deposited below the 
intermediate layer to provide specific grow structure. The recording layer is to 
store information and is usually made of Co-based alloy. The disk is also 
coated with a thin layer of diamond-like-carbon (DLC) overcoat for both 
mechanical and chemical protection, and a thin layer of perfluoropolyether 
(PFPE) lubricant is dip-coated for multiple functions including lubrication, 
surface passivation, and corrosion protection. The tribological aspects of the 
media design will be discussed in details in later sections. A detailed review of 
perpendicular recording can be found in [28]. 
 
Fig. A-11 Typical structure of a perpendicular recording medium 
 
iv. Future Magnetic Recording Schemes 
The threat of superparamagnetic effect surfaces again as perpendicular 
recording drives HDD areal density growth towards 1 Tb/in
2
. There are 
tremendous efforts on two major alternative technologies: energy-assisted 
Lubricant ~1.2 nm
Overcoat ~2.5 – 3 nm
Magnetic Layer ~15 nm
Intermediate Layer ~20 nm
Soft Magnetic Layer (SUL) ~ 80 nm
Adhesion Layer ~ 10 nm
Substrate ~ 0.635 – 1 mm
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magnetic recording (EAMR) and bit patterned media (BPM). In addition, a 
recent approach called two-dimensional magnetic recording (TDMR) attracts 
industrial interest as an alternative technology that stays relatively 
conventional to current HDD head and media technologies. In the following 
sections, these three major approaches will be discussed. 
Energy-assisted magnetic recording (EAMR) 
The EAMR approach resolves the superparamagnetic effect by 
relaxing the writability requirement. As high-anisotropy, small-grain medium 
is readily available [33], while the recording head is still limited to a 
maximum switching field of about 2.45T, EAMR proposes a solution by 
heating the medium momentarily with some form of assisted energy to lower 
the switching field of high-anisotropy medium, hence allowing magnetization 
by the limited writer head field (see Fig. A-12). Rapid cooling (~1-2 ns) is 
then required to permanently store the data.  
 
Fig. A-12 EAMR write process [34] 
There are two major proposals for EAMR: Microwave-assisted 
magnetic recording (MAMR) and Heat-assisted magnetic recording (HAMR). 
MAMR is propoased by Jimmy Zhu et al. recently [35]. In MAMR, the 
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microwave AC field, Hac, is applied along the orthogonal direction to activate 
the precessional motion of media magnetization through ferromagnetic 
resonance effect. Main research activities in MAMR are related to the design 
of spin torque driven microwave oscillator [36], in which the efficiency of the 
field generation layer (FGL) is a challenge. Feasibility of 770 kilo track per 
inch (kTPI) was demonstrated using a 25 nm FGL recently [37]. 
Unfortunately, MAMR has its fundamental limitation in achieving areal 
density of 10 Tb/in
2
. The limitation lies in the difficulties to generate high 
frequency and high amplitude microwave using FGL. For 10 Tb/in
2
 recording, 
field reduction by factor of 10 is required, which requires frequency in the 
range of tera-Hertz (THz) and amplitude of about 1 Tesla (T). This is 
practically not possible currently. 
HAMR uses laser heating as the assisting energy [34, 38]. Many 
efforts are required, from both head and media perspectives, in order to 
incorporate laser system and to manage the subsequent thermal effects as a 
result of laser heating. From magnetic head perspective, various optical 
challenges required attention. Although the idea of using laser to assist in 
magnetic recording is not new, and has been implemented in magneto-optical 
drives, the technologies involved in HAMR application are far more 
complicated. In order to achieve areal density of 1 Tb/in
2
, it is believed that 
the laser beam size of 25 nm is required, which is beyond the capability of 
conventional optics governed by the diffraction theory. On top of such 
stringent requirement in spot size, delivery of sufficient optical power to heat 
up the medium is also one of the utmost challenges. Near-field optics that 
makes use of surface plasmons [1] [2], which are collective oscillations of 
Appendix A: Current and Future Technologies for Areal Density Growth (Magnetic Perspectives) 
A-xvi 
 
surface charge that are confined to an interface between a dielectric and a 
metal, was introduced as a solution. Various near-field transducers (NFTs) had 
been designed and studied [41-45], and efficient light delivery system with 
proper thermal management is also proposed [46-49], to reduce overall system 
power consumption and also to reduce heat generation that might cause 
detrimental effect on various head components.  
From magnetic medium perspective, high anisotropy and small grain 
size medium, with good thermal design for heat confinement and management 
is required. Several materials with high magnetic anisotropy had been studied 
[33] [50, 51]. L10-phase FePt is generally accepted as the promising candidate 
for next generation high magnetic anisotropy medium [52]. However, high 
processing temperature is required to induce such ordering, which further 
impose challenges to the fabrication processes. Recently, studies highlighted 
narrow grain size distribution is also critical to prevent transition widening 
[53], which will limit areal density growth. As the desired HAMR operating 
mode is to have the recording field gradient determined by the thermal profile, 
large temperature gradient is essential for sharp magnetic transition. To 
achieve that, good thermal management to prevent lateral heat diffusion is 
critical [54]. This is usually achieved by using a heat sink, a feature 
incorporated into the magnetic medium, either as an individual layer, or 
together with the intermediate and soft underlayer, to provide extremely fast 
cooling in the vertical direction. The excessive heat generated at the slider-
disk interface also imposes critical challenges to the tribological designs of 
slider and disk medium. With temperature as high as about 700 ºC, it was 
found that desorption or decomposition of the PFPE lubricant molecules might 
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occur, resulting in lubricant depletion [55, 56]. The thermal challenges are also 
valid for the diamond-like carbon (DLC) overcoats. DLC overcoats of both 




 ratio [57], in order to provide sufficient 
hardness and density, for both mechanical and chemical protections. Studies 
had shown that under laser irradiation, structural change of DLC could be 
observed by Raman spectroscopy that turns out to be of higher sp
2
 content [58, 
59], a phenomenon commonly known as graphitization [60]. This will lead to 
“softening” of the DLC, causing detrimental effects such as corrosion or 
severe slider-disk contact induced wear. Fortunately, recent researches found 
such temperature effects on disk DLC overcoat and lubricant is less serious, 
mainly due to the short duration of heating over the life time of the HDD [61]. 
However, the slider-head is subjected to long term heating, and solutions are 
required to prevent long term reliability issues. As the air-bearing film 
between the slider and disk is non-isothermal, large temperature variation 
introduced by HAMR system needs to be considered to ensure slider 
flyability. Bechtel and Bogy [62] studied slider flyability by simulations and 
concluded that minimum fly height of the slider might be affected up to 1 nm, 
which will significantly impacting the write/read performance, and need to be 
addressed. With different HAMR NFT designs, Seagate and Hitachi Global 
Storage Technology (HGST) both demonstrated HAMR recording achieving 
about 0.3 Tb/in2 in 2008 and 2010, respectively. Recently, Seagate 
demonstrated their HAMR HDD in The Magnetic Recording Conference 
(TMRC) 2012, giving a boost in confidence that such complicated system 
might eventually become reality and to be implemented in future HDDs.  
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Bit-patterned Media (BPM) 
Bit-patterned magnetic recording resolves the superparamagnetic effect 
by increasing the effective grain volume. In BPM, the disk is lithographically 
patterned as many individual magnetic islands separated by non-magnetic 
material (see Fig. A-13). The intention is for each magnetic bit to be stored in 
a single magnetic island. Due to strong exchange coupling in the magnetic 
island when the island size becomes small (typically less than 30 nm [63]), the 
whole island can be taken as a continuous, single-domain grain, and hence 
effective magnetic grain volume is increased, which allows relatively low Ku 
materials to be used to provide substantial thermal stability with sufficient 
writability.  
 
Fig. A-13 Schematic comparing conventional media and bit-patterned media [64] 
 
The recording physics of BPM is fundamentally different from 
conventional perpendicular recording. The signal-to-noise ratio (SNR) of 
conventional perpendicular recording strongly depends on grain size and grain 
size distribution, but the major noise source for BPM is coming from the 
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patterning tolerances [65, 66]. This major difference could also, in principle, 
offer advantages such as reduction of transition noise, elimination of non-
linear transition shift (NLTS) and adjacent track erasure (ATE), and less 
stringent write head specifications. However, in order to harvest such 
advantages, stringent and demanding lithography technologies are required. 




 uniformly patterned magnetic islands of about 
12 nm in diameter are required (islands of less than 12 nm are required if bit 
aspect ratio (BAR) > 1, which allow more margin for servo control). In 
addition, the advanced lithography techniques require expensive, complicated 
and time consuming processes, which are major stoppers for HDD 
manufactures, who emphasize low per gigabyte cost as their primary 
advantage compared to other storage devices. Current promising approach to 
fabricate BPM is to use electron beam lithography (EBL) to make small 
features in a master mold, and replicate the pattern on disk media using nano-
imprint lithography (NIL). Other fabrication methods had been proposed 
recently, with most of them combine self-assembly (bottom-up approach) with 
lithography (top-to-bottom approach), to produce regular, small and yet low 
cost patterning [64] [67-69]. Another major challenge for BPM is the need of 
write synchronization. Considering velocities of writer head relative to media 
of 15 to 30 m/s, the writing time for a typical 12 nm island to island distance is 
in the range of 0.8 to 1.7 ns. Successful writing will require tight control of 
disk rotational speed variations, patterning tolerances and high field gradient. 
Various challenges for bit-patterned magnetic recording can be found in [70-





 with best recording error rate of 2 x 10
-3
 [74]. 
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Two-Dimensional Magnetic Recording (TDMR) 
Given the complicated technology challenges for both EAMR and 
BPM, an alternative scheme, termed Two-Dimensional Magnetic Recording 
(TDMR), was proposed recently to extend the use of conventional 
perpendicular media [75], with relatively minor modification on magnetic 
heads to achieve higher areal density. TDMR consists of two important 
proposals: shingled writing recording (SWR) and 2-dimensional readback and 
signal processing. Each technology can be functional individually, but the 
combination is claimed to be capable of extending the areal density up to 10 
Tb/in2 [75]. The concept of SWR is to overlap tracks written sequentially by a 
specially designed “corner writer”. The current conventional recording 
requires narrow write width for higher areal density, hence affecting 
writability. SWR decouples writer width from track pitch, and hence allows 
the use of a larger pole with sharp corner-edge field to provide narrower erase 
band. This single advantage is believed to be able to increase areal density to 
about 2 Tb/in
2
 [76]. SWR also allows less stringent head process tolerances, 
and eliminate adjacent track erasure (ATE) constrain, which allows maximum 
head field without the worry of fringing onto adjacent tracks. The significant 
disadvantage of SWR is the limitation of “update-in-place”. As tracks are 
written sequentially, overlapping one after another, a single track or portion of 
a track (target track) cannot be re-written without first recovering the tracks 
that are written subsequently (recovered tracks). Recent proposals suggest 
employing advanced firmware similar to the Solid State Drives (SSD) system 
to overcome this issue [77]. 
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APPENDIX B: OPTICAL SURFACE ANALYZER (OSA) 
_______________________________________________________________ 
Candela’s Optical Surface Analyzer (OSA) is a laser-based 
measurement system specially designed for rigid disks surface inspection. The 
equipment combines five measurement methods: ellipsometry (phase shift), 
reflectometry (specular), scatterometry (scattered light), optical profilometer 
and Kerr effect microscopy (magnetic orientation) for imaging and metrology 
applications. 
 
Fig. B-1 OSA System [1] 
 
Fig. B-1 shows schematic structure of an OSA system. The incident laser beam 
(405 nm for 6100 model) is passed through a linear polarizer to improve the 
extinction ratio. The beam then passes through the liquid crystal variable half-
wave plate to allow switching of p- (parallel to plane) and s-polarization 
(perpendicular to plane). The beam is then split by a splitter with part of the 
beam going through a feedback detector to ensure stability of the DC 
component of the laser intensity. The remaining beam passes through a 
focusing lens to obtain spot size of several microns. As the incident beam 
impinges on the disk surface, the amplitude, phase and slope of the laser beam 
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are modified. The modifications of the amplitude of the laser beam are related 
to the absorption and scattering of the disk surface. The modifications of the 
phase of the laser beam are due to thin film thickness variations and change of 
the magnetic field orientation (Kerr effect). The modifications of the slope are 
due to surface topography. Three major sensing components monitor the 
modifications of the laser: a scattered light detector, a phase and specular 
detector, and an optical profilometer. The specular and scattered detectors 
measure the amplitude change, the specular and phase detector measures the 
optical phase change, and the optical profilometer measures the slope change 
on the disk surface. By measuring the changes in amplitude, phase and slope, 
various disk surface conditions can be interpreted. For example, the 
information of the scattered light can be used to detect debris or particles 
deposited on the surface; with proper filtering, the information provided by the 
optical profilometer can be used to measure disk waviness profiles; the phase 
change information of the specular light can be used to measure thin film 
thickness [2], and combined analysis of the P-polarized and S-polarized 
specular lights can even be used to differentiate carbon wear from lubricant 
modifications (depletion, puddle, degradation) [3]. It is worth elaborating 
slightly more on the principles of OSA in determining thin film thickness and 
also to differentiate carbon wear from lubricant modifications. As shown in 
Fig. B-1, the specular and phase detector is placed at an angle symmetric to 
the incoming laser beam. The angle of the incident beam is set at Brewster’s 
angle for the disk DLC (approximately 60 degrees); hence P-polarized light is 
able to penetrate through both the lubricant and DLC layer, and is reflected by 
the adhesion layer, as shown in Fig. B-2(a). This makes P-polarized signal 
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sensitive to DLC thickness, as thinner DLC layer will result in less energy 
absorption and hence more light to be detected by the specular film and its 
reflectivity increases. Using this principle, DLC wear can be measured after 
careful calibration. On the other hand, as shown in Fig. B-2 (b), S-polarized 
beam reflects off each layer resulting in an interference effect within the film. 
This makes S-polarized light sensitive to both lubricant thickness and carbon 
thickness change. As lubricant thickness reduces, due to poor index matching, 
the amount of light absorbed by the carbon film also decreases, hence S-
specular reflectivity increases. As lubricant thickness increases and 
approaches index matching, more light penetrates into the DLC layer and is 
absorbed, hence reflectivity reduces. In summary, thinning of the lubricant 
increases the intensity of the reflected S-polarized light, but decreases the 
intensity of the reflected P-polarized light (the opposite is true for the case of 
lubricant thickness increases). As for DLC thinning, intensities of both S- and 
P-reflected lights increase. 
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Typically, Q-polarized laser is used for lubricant condition inspection in the 
OSA system. Q-polarized light has equal components of P- and S- polarization, 
and is 45˚ to the plane. As lubricant thickness increases, Q-polarized 
reflectivity reduces and the image becomes darker. As lubricant thickness 
reduces, Q-polarized reflectivity increases and the image become brighter.  
The OSA is a very fast and effective tool for disk surface inspections. By 
combining various signals, surface condition up to sub-angstrom sensitivity 
can be monitored or measured. Many other applications of OSA had been 
reported [4, 5].  
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